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L.  PURPOSE 


The  purpose  of  this  contract,  as  outlined  in  technical  requirements 
for  PR  and  C  No.  6l-ELP/R-4l03,  in  to  carry  out  studies  leading  to  specific 
information  and  criteria  which  can  be  used  in  evaluating  the  potential 
merits  and  limitations  of  various  approaches  to  microelectronics.  Phase  I 
of  the  program  is  divided  in  uhe  following  portions: 

Power  Dissipation  Study  -  The  purpose  is  to  develop  realistic  sets 
of  specifications  for  commonly  required  circuit  functions.  A  determination 
will  be  made  of  the  minimum  power  levels  at  which  such  circuits  can  be 
operated  satisfactorily  and  the  "trade  offs"  which  are  involved  in  lowering 
the  power  level. 

Reliability  -  One  purpose  is  to  determine  the  relationship  between 
drift  and  catastrophic  failures  and  their  effects  on  system  reliability. 

The  optimum  tolerance  point  for  a  system  will  be  determined  as  well  as 
the  practical  limits  of  complexity  of  integrated  structures  for  a  given 
design  reliability. 

The  effect  of  individual  component  or  device  variations  on  the  ter¬ 
minal  performance  of  a  circuit  will  be  studied  with  a  view  to  developing 
a  procedure  for  evaluating  the  Internal  component  state  of  an  integrated 
circuit. 

Adjustability  -  The  purpose  is  to  study  means  of  decreasing  the  number 
of  external  adjustments  for  microelectronic  circuits  sensitive  to  component 
variations.  The  use  of  techniques  to  electronically  adjust  circuit  charac¬ 
teristics  will  also  be  analyzed. 


II .  ABSTRACT 


A  number  of  investigations  have  been  carried  out  to  assess  the  merits 
and  limitations  of  the  various  forms  of  microelectronic  circuitry.  Specific 
tasks  have  been  conducted  to  provide  design  criteria  and  information  with 
the  objective  of  improving  microelectronic  design  and  evaluation  procedures. 
Solutions  are  given  to  the  problem  of  how  to  design  minimum  power  dissipa¬ 
tion  circuits.  The  effects  of  power  dissipation,  circuit  tolerance,  com¬ 
ponent  tolerance  and  temperature  on  circuit  reliability  are  considered. 
Solutions  to  the  problem  of  attaining  maximum  circuit  reliability  are  pre¬ 
sented.  It  is  shown  how  to  evaluate  various  forms  of  microelectronic 
circuitry  when  only  a  limited  number  of  terminals  are  available.  The  re¬ 
sults  of  studies  in  the  area  of  adjustability  are  presented. 


m.  CONFERENCES  AND  REPORTS 


A.  CONFERENCES 

Date:  21  July  l')6l 

Place:  General  Electric  Electronics  Laboratory,  Syracuse,  New  York 

Tr.  Attendance:  .T.  Meindl,  USASRDL 

J.  Hohmann,  USASRDL 

J.J,  Surtin,  15.  Lab.,  General  Electric  Co. 

J. A.A.  Raper,  E.  Lab.,  General  Electric  Co. 

K. T.  Loew,  HMED,  General  Electric  Co. 

Subject:  Discussion  of  specific  work  to  be  undertaken  during  the  first 
year  of  the  Solid  State  Microelectronics  Program. 

Date:  4  December  1961 

Place:  General  ET.ectric  Electronics  Laboratory,  Syracuse,  New  York 

In  Attendance:  J.  Hohmann,  USASRDL 

J. J.  Suran,  E.  Lab.,  General  Electric  Company 
J.A.A.  Raper,  E.  Lab.,  General  Electric  Company 

L. J.  Ragonese,  E.  Lab.,  General  Electric  Company 
G.H.  Danielson,  E.  Lab.,  General  Electric  Company 
R.E.  Warx,  E.  Lab.,  General  Electric  Company 

Subject:  Discussion  of  progress,  problem  areas  and  program  plans 

Date:  23  February  1962 

Place:  USASRDL,  Fort  Monmouth,  New  Jersey 

In  Attendance:  J.  Hohmann,  USASRDL 
A.  Bramble,  USASRHT. 

R.  Farley,  USASRDL 

J. J.  Suran,  E.  Lab.,  General  Electric  Company 
J. A. A.  Raper,  E.  Lab.,  General  Electric  Company 
L.J.  Ragonese,  E.  Lab.,  General  Electric  Company 
R.E.Va rr,E.  Lab.,  General  Electric  Company 


Subject;  Discus- von  of  Progress 

1.  Mi  ->i  -  .r,  -over  dissipation  study  of  HAND 
and  D>.'T’.  :.j-r' acts. 

?.  Optimum  design  to  :.era.ne  e  scudy. 

?-  Terf.r.no  i  r>« rrane ler  mcvsureacnts.- 

t.  Digital  filter  rtudy. 

o.  Amplifier  reiunuancy 
Date:  j  Ju.ce  19‘o2 

Place:  General  Electric  Electronics  Laboratory,  Syracuse,  New  York 

In  Attendance:  A.  Bramble.  '•  ,>jtiiS!Of. 

!'\.  Poxiey,  VSASRr-l. 

J.J.  Siren,  £.  Lib. ,  General  Electric  Company 
J. A, A.  Raper.  E.  Lab..  General  Electric  Company 
L.J.  Ragcnese ,  E.  lab. ,  C,eneral  Electric  Company 
P.W.  Bscxce/;  E.  lob.,  General  Electric  Company 
G.il.  Danielson,  E.  Lib.,  General  Electric  Company 
B.  Loe« ,  HMED..  General  Electric  Company 

Subject:  Discussion  of  Progress 

REPORTS 


Monthly  Letter  Report.  Nc. 
Monthly  Letter  Report  bo. 
Monthly  letter  Report  So. 
Quarterly  Report.  No.  1  i  l 
Monthly  Letter  Report  bo. 
Montnly  Letter  Report  Ho. 
Monthly  Letter  Report  No- 
Quarterly  Report  No.  2  (l 
Monthly  Letter  Report  No. 
Monthly  Letter  Report  No. 
Quarterly  Report  No.  3  (l 
Monthly  letter  Report  No. 
Monthly  Letter  Report  No. 


1  (l  July  through  1  August  1961) 

2  '1  August  through  1  September  1961) 

2  (l  September  through  1  October  1961) 
July  through  1  October  1961 ) 

4  (l  October  through  1  November  1961) 

5  November  through  1  December  l°6l) 

6  ( 1  Janu^T-y  +b**«',gh  1  February  1962 ) 
October  through  1  January  1962 ) 

7  •  1  February  through  i  J-fewcb  1962 ) 

G  ;’l  April  through  1  May  1962) 
February  through  1  May  1962 ) 

9  ‘  i  May  through  1  June  1962) 

10  (l  June  through  1  July  1962) 


IV.  FACTUAL  DATA 


A.  POWER  DISSIPATION  STUDY 

1 .  Deleterious  Effects  of  Power  Dissipation 

Some  of  the  deleterious  effects  of  increased  power  dissipation 
in  microelectronic  systems  are  outlined  here  for  the  purpose  of  background 
material. 

As  a  typical  system,  let  us  consider  a  microelectronic  digital 
computer  composed  of  a  large  fixed  number  of  similar  digital  logic  gain 
circuits.  These  circuits  are  interconnected  in  some  arbitrary  logical 
array.  Let  us  further  assume  that  the  computer  is  to  completely  fill  an 
appropriate  spherical  or  cubical  container. 

Thermodynamically,  the  operating  computer  is  a  heat  generator 
whose  output  is  equal  to  the  sum  of  the  heat  generated  by  all  the  similar 
circuits.  If  the  external  surface  of  the  computer  is  to  be  maintained  at 
some  nominal  temperature,  then  heat  must  be  removed  from  the  surface  at 
the  same  rate  at  which  it  is  being  generated.  Thus,  the  size  and  com¬ 
plexity  of  the  cooling  system  for  the  given  computer  is  directly  related 
to  the  dissipation  of  the  individual  logic  gain  circuit. 

But  the  rate  at  which  the  cooling  system  must  transfer  heat  from 
the  surface  of  the  computer  is  exactly  equal  to  the  power  which  must  be 
furnished  by  the  power  supplies  of  the  computer.  Thus,  higher  circuit 
power  dissipation  results  in  the  need  for  more  elaborate  power  supplies. 

For  the  particular  dimensions  and  heat  conductivity  involved, 
there  will  be  a  temperature  differential  between  a  circuit  on  the  surface 
of  the  computer  and  one  which  is  closest  to  the  center  of  the  computer. 
This  temperature  differential  is  directly  related  to  the  power  dissipa¬ 
tion  of  a  basic  circuit.  Depending  on  the  specific  size,  thermal  conduc¬ 
tivity,  and  circuit  power  dissipation  of  our  computer,  the  temperature 
differential  could  be  as  low  as  less  than  one  to  greater  than  100  centi¬ 
grade  degrees. 


Electronic  components  including  resistors,  diode3  and  transis¬ 
tors  show  appreciable  variation  in  terminal  parameters  as  a  result  of 
temperature  variation  on  the  order  of  tens  of  degrees.  Thus,  a  high 
temperature  differential  within  the  computer  introduces  a  greater  ran¬ 
domness  into  the  parameter  values.  Since  all  the  circuits  in  the  com¬ 
puter  are  designed  around  the  same  nominal  values,  temperature  differen¬ 
tial  increases  the  probability  of  drift  failure  within  the  computer. 

There  is  strong  evidence  that  the  catastrophic  failure  rate  of 
components  is  directly  related  to  their  respective  absolute  temperature 
of  operation.  Greater  circuit  power  dissipation  results  in  a  greater 
temperature  differential  within  the  given  computer.  For  a  certain  main¬ 
tainable  computer  surface  temperature,  a  greater  temperature  differential 
implies  a  higher  ambient  temperature  for  the  more  centrally  located  cir¬ 
cuits.  Thus,  higher  circuit  power  dissipation  result. s  in  a  higher 
catastrophic  failure  rate  for  the  internal  circuits  of  the  computer. 

In  summary,  increased  power  dissipation  can  offset  many  of  the 
space  and  weight  advantages  of  microelectronics  by  requiring  large  cooling 
systems  and  power  supplies.  Furthermore,  the  probability  of  drift  and 
catastrophic  failure  are  enhanced  by  increased  power  dissipation. 

2 .  A  General  Approach  to  the  Problem 

If  it  is  agreed  that  power  dissipation  is  to  be  minimized,  the 
question  then  arises  as  to  what  extent  power  dissipation  in  a  circuit 
can  be  decreased,  if  at  all,  without  affecting  its  usefulness.  In  order 
to  evaluate  the  change  in  usefulness  of  a  circuit  as  a  result  of  changing 
the  power  dissipation,  usefulness  must  be  specified  in  terms  of  measure- 
able  quantities.  We  choose  to  describe  the  usefulness  of  a  digital  cir¬ 
cuit  in  terms  of  herein  defined  "operational  properties." 

a.  The  Operational  Properties 

The  operational  properties  of  a  digital  circuit  may  be  de¬ 
fined  as  those  which  are  of  direct  interest  to  the  system  designer.  The 
five  operational  properties  are:  Logic  capability;  maximum  fan-out; 
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maximum  frequency  of  our-ra-ti.'n;  maximum  number  of  circuits  per  unit 
volume;  and  reliability.  These  operational  properties  are  not  neces¬ 
sarily  independent  of  one  another. 

Logic  capability,  as  defined  here,  is  purely  a  function 
of  the  circuit  topology.  Factors  which  affect  logic  capability  in¬ 
clude:  number  of  logic  levels;  fan-in;  inversion;  and  availability 

of  both  normal  and  complemented  outputs. 

Maximum  fan-out.  i  s  the  .number  of  loads  to  which  a  logic 
gain  circuit  can  supply  a  logical  decision.  The  loads  are  Inputs  of 
similar  logic  gain  circuits. 

Maximum  frequency  of  operation  is  determined  by  the  rise, 
fall,  delay  and  recovery  times  of  the  output  signal  as  a  result  of  an 
input  signal  or  signals  from  similar  logic  gain  circuits. 

The  maximum  number  of  circuits  per  unit  volume  is  a  func¬ 
tion  of  the  thermal  interconnection  scheme,  the  power  dissipation  of  a 
circuit,  the  maximum  temperature  allowable  in  the  computer,  and  the  com¬ 
puter  heat  sink  temperature. 

Reliability  is  herein  used  in  the  conventional  sense.  This 

project  will  concentrate  on  the  aspects  of  reliability  which  can  be  affect¬ 

ed  by  the  circuit  parameter  design. 

b .  The  Idealized  Design  Problem 

The  topological  design  of  a  digital  circuit  is  largely 
“  .  in  nature.  It  depends  primarily  on  the  ingenuity  of  the 

designer  and  the  type  of  application  for  which  it  is  needed.  This  pro¬ 

ject,  therefore,  will  dead  primarily  with  the  problems  in  the  parameter 
design  of  specific  circuit  topologies.  If  the  circuit  topology  is  pre¬ 
supposed,  then  logic  capability,  as  we  have  defined  it,  is  fixed  and  is 
not  a  design  variable.  The  remaining  four  operational  properties  are, 
therefore,  of  major  interest  to  the  designer. 

In  the  selection  of  parameter  values  for  a  given  circuit 
topology,  the  designer  night,  consider  the  parameters  as  variables  and 
the  operational  properties  as  constraints  which  the  circuit  must  fulfill. 
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In  order  to  utilize  this  approach,  separate  equations  would  be  necessary 
for  :  maximum  fan-out;  maximum  frequency  of  operation;  circuit  power 
dissipation;  and  circuit  reliability  in  terms  of  the  circuit  parameters. 

The  equations  for  :  maximum  fan-out;  maximum  frequency  of  operation; 
and  circuit  reliability  would  each  be  set  equal  to  an  arbitrary  constant. 

A  calculus  minimization  problem  could  then  be  solved  for  minimum  power 
dissipation  within  the  operational  property  constraints.  If  a  realize- 
able  solution  existed,  then  the  optimum  parameter  values  thus  would  be 
found  for  the  given  set  of  arbitrary  constants .  Knowing  the  parameter 
values,  the  actual  minimum  power  dissipation  could  be  easily  computed. 

The  assumed  value  of  reliability  and  fan-out  could  be  held 
constant  while  the  assumed  maximum  frequency  of  operation  could  be  arbi¬ 
trarily  Get  at  several  other  values.  For  each  change,  a  new  set  of 
parameter  designs  would  be  found. 

The  whole  procedure  could  then  be  repeated  for  other  values 
of  fan-out.  Figure  1  shows  the  hypothetical  results  of  the  above  compu¬ 
tations.  In  general,  each  point  on  the  curves  refers  to  a  different  set 
of  parameter  values.  The  set  of  curves  would  explicitly  indicate  to 
the  system  designer  what  the  trade-off  is  between  packing  density  (power 
dissipation)  and  maximum  frequency  of  operation  for  a  fixed  circuit 
reliability  as  applied  to  a  specific  circuit  topology.  Once  the  system 
designer  has  decided  on  a  particular  compromise  by  choosing  a  point  on 
one  of  the  curves,  he  could  refer  to  the  library  of  designs  which  generated 
the  curves  for  the  particular  circuit  to  fulfill  his  particular  demands. 

It  is  certainly  true  that  an  infinite  number  of  designs 
would  be  necessary  to  provide  all  the  possible  choices  of  the  system 
designer.  On  the  other  hand,  assuming  relatively  smooth  curves,  about 
five  design  points  should  be  sufficient  to  describe  each  Once  the 

curves  are  described,  the  system  designer  is  able  to  predict  the  realize  - 
able  trade-offs  even  before  the  specific  circuit  is  actually  designed. 

The  design  of  a  previously  unrecorded  point  on  an  established  curve  should 
not  be  very  difficult. 
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Hypothetical  Results  of  Optimum  Circuit  Designs 
of  a  Specific  Circuit  Topology. 
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It  will  be  noted  that  the  title  to  this  section  contains 
the  word  "idealized.''  Thg»  objective  of  this  section  was  to  illustrate 
the  following  ideas: 

1)  In  spite  of  all  the  factors  which  we  will  later  consider 
for  practical  circuit  design,  they  are  only  important 

in  that  they  effect  the  relatively  few  operational 
properties . 

2)  If  we  could  obtain  equations  for  the  operational 
properties  in  terms  of  the  parameters;  if  the  calculus 
or  algebra  doesn't  get  too  difficult  to  solve;  and  if 
we  choose  reasonable  arbitrary  values  of  three  of  the 
operational  properties;  then  the  design  problem  is  a 
straightforward  process.  The  problem  is  that  each  of 
these  "ifs"  are  easier  said  than  done. 

3)  Even  if  the  above  "idealized"  approach  is  impossible, 
calculus  minimization  techniques  should  be  used  wherever 
possible  in  our  design.  As  will  be  shown  later,  the 
results  of  this  technique  can  be  very  useful  and  general 
in  nature. 

*0  Power  dissipation  can  only  be  decreased  to  the  extent 
•  that  the  circuit  is  still  useful  or  functioning  properly. 
Minimum  power  dissipation  is  meaningful  only  relative  to 
specific  operational  properties. 

>)  It  appears  that  information  of  the  type  hypothesized  in 
Figure  1  will  eventually  have  to  be  generated  if  power 
dissipation  studies  are  to  be  useful. 

6)  If  the  operational  properties  are  to  be  realized,  there 
must  be  at  least  as  many  parameter  variables  as  there 
are  operational  constraints. 

c .  The  Fundamental  Properties 

It  is  customary  to  consider  basic  logic  gain  digital  circuits 
in  terms  of  a  set  of  fundamental  properties.  These  properties  include: 
logic  capability;  maximum  fan-out;  maximum  frequency  of  operation;  power 
dissipation;  isolation:  directionality;  interconnection  interaction;  random¬ 
ness;  limiting;  threshold /level;  signal  amplitude;  and  stability.  The  first 
three  are  identical  with  the  similarly  named  operational  properties .  Power 
dissipation  is  extremely  closely  related  to  maximum  number  of  circuits  per 
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unit  volume.  The  last  eight  are  all  related  to  the  operational  property 
named  reliability.  Although  these  eight  properties  are  not  the  only 
factors  which  affect  reliability,  they  are  the  only  variables  through 
which  the  circuit  designer  my  in:  Lienee  reliability. 

Isolation  portai j.s  to  the  degree  of  signal  propagation  between 
different  input  channels  of  the  sane  logic  gain  circuit. 

Directionality  pertains  to  the  degree  of  undesired  signal 
propagation  from  the  ahtput  to  the  input  of  a  logic  gain  circuit. 

Interconnection  interaction  pertains  to  the  degree  of  undesired 
signal  propagation  from  one  communication  line  to  another  line. 

Randomness  is  a  property  which  permeates  any  practical  circuit. 
The  values  of  resistance,  the  current  amplification  factor  of  the  transistor, 
the  threshold  level,  the*  signal  amplitude,  and  many  other  circuit,  parameters 
all  have  actual  values  which  are  a  varying  percentage  away  from  some  nominal 
value.  Some  device  parameters  are  much  more  random  than  others.  Were  it 
not  for  randomness,  the  signal  amplitude-  could  be  appreciably  decreased  . 

Limiting  is  the  restandardization  of  the  signal  extremities 
corresponding  to  a  logical  one  or  a  zero. 

Threshold  level  is  the  property  of  a  digital  circuit  which 
allows  it  to  properly  amplify  information  signals  while  attenuating  or  re¬ 
jecting  certain  noise  signals. 

Signal  amplitude  commonly  refers  to  the  minimum  difference  of 
extremities  in  the  signal  which  is  vised  to  communicate  from  one  circuit  to 
another.  One  can  also  speak  of  threshold  signal  amplitude  as  the  minimum 
ditierenee  of  extremities  in  the  signal  which  appears  at  the  threshold  point 

Stability  means  many  things  to  many  people.  We  will  define  it 
as  the  absence  of  any  condition  whereby  a  logic  gain  circuit  supplies  errone¬ 
ous  information  to  its  loads  at  least  partially  as  a  result,  of  re  gene  ru  t  ion 
within  the  circuit.  Two  examples  of  instability  are  thermal  runaway  and 
o  Lf*c  L ri C&  1  oso  i  Xla  i  ion  due  uni  ♦*  ■? 


feedback . 


The  question  nay  arise  as  to  the  reason  for  defining  two  sets 
of  circuit  properties  -  the  operational  and  the  fundamental.  The  reason 
is  that  there  are  relatively  few  operational  properties  while  more  than 
twice  as  many  fundamental  properties.  The  fundamental  properties  are  only 
important  in  that  they  affect  the  operational  properties.  If  we  were  to 
apply  arbitrary  values  for  each  of  the  fundamental  properties,  then  each 
fundamental  property  would  constitute  a  constraint.  Therefore,  we  would 
need  at  least  as  many  variable  parameters  as  there  are  fundamental 
properties.  Most  logic  gain  circuits  do  not  have  enough  variable  param¬ 
eters  to  correspond  to  ^he  number  of  fundamental  properties.  Therefore, 
a  solution  would  be  impossible. 

As  was  indicated  previously,  the  fundamental  properties  of: 
isolation,  directionality,  interconnection  interaction,  randomness,  limit¬ 
ing,  threshold  level,  signal  amplitude,  and  stability  are  all  related  to 
drift  reliability  as  defined  under  operational  properties.  One  of  the 
objectives  of  this  program  has  been  to  quantitatively  describe  this  relation¬ 
ship. 

It  may  qualitatively  be  seen  that  isolation,  directionality, 
and  interconnection  interaction  are  similar  types  of  signals.  Their 
cumulative  effect  is  a  voltage  or  current  noise  signal  as  seen  at  the 
threshold  point  in  the  circuit.  Randomness  in  limiting  levels  along  with 
randomness  in  the  components  which  "transmit"  the  limited  signal  to  the 
threshold  point  introduce  ambiguity  as  to  whether  the  transmitted  signal 
is  "above"  or  "below"  the  threshold  level.  Rsuidomness  in  the  threshold 
level  introduces  a  further  ambiguity.  It  is  possible  to  adjust  the  signal 
amplitude  sufficiently  to  overcome  the  "noise"  effects  of  isolation, 
directionality,  interconnection  interaction,  and  randomness. 

3*  The  Factors  which  Directly  Affect  Power  Dissipation 

The  factors  which  directly  affect  power  dissipation  are:  basic 
circuit  topology;  signal  amplitude;  maximum  frequency  of  operation;  and 
the  extent  of  power  minimization. 
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to  the  r.iymvL  anile  tn  i .he  r  si-pul':.  am;  ii  "he  ivr.nl 1  s  in  larger 

supply  voltages.  Since  toe  ulti::.ve  s-ejcce  oft..-..-  auT-mls  arc  the  never 
supplies;,  and  since  p>'--v  •  U-  c.ty  r  ■■voted  to  the  supply  vcltavo  and 
currents  through  thtry  .it  ;r-p.vr.  ,  r..v,  leas  empirically,  that  larger 

signal  amplitudes  must  rose',.4  in  higher  power  dissipation.  This  question 
will  be  further  invest  *  .rated. 

c .  Maximum  Frequency  of  Ope ration 

Using  'she  sane  arguments  as  the  last  x-nragrap.lt,  for  a  fixed 
signal  tuwlitc.de,  the  power  dissipation  must  increase  with  increasing  speed 
of  op  or  at  Lon.  In  this  ease  the  same  capacitive  charge  must  be  supplied  in 
less  time  -  thus  currents  must  be  higher. 

u .  Power  Mlninvtatj or.  -  Tlie  3i -State  Do r, ign 

As  we  have  meiu.ior.ed,  the  function  cf  s.  logic  gain  circuit  is 
to  arrive  at  a  logical  decision  and  then  to  deliver  the  decision  ci'  its 
complement  to  a  certain  number  v'  leads .  In  deliverin'-  the  decision  to 
tnc  loads,  the  circuit  is  act. ng  as  a  signal  source.  There  are  at  least 
two  categories  cf  signal  sources  in  digital  circuits. 
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The  first  category  is  schematically  shown  in  Figure  2a.  The 
two  switches  are  never  simultaneously  closed.  If  the  top  sv/itch  closed 
and  the  bottom  switch  open  corresponds  to  a  logical  one,  then  reversing  the 
condition  of  both  corresponds  to  a  logical  zero.  This  category  is  recog¬ 
nized  by  the  fact  that,  neglecting  battery  and  switch  resistance,  the 
logic  gain  source  has  no  internal  dissipation  in  either  state.  Since  most 
electronic  switching  devices  fall  in  the  category  of  single  pole  single 
throw  switches,  this  category  of  logic  gain  circuit  usually  requires  at 
least  two  active  devices. 

Probably  the  vast  majority  of  logic  gain  digital  circuits 
today  fall  in  the  second  major  category  illustrated  in  Figure  2b.  As  shown 

in  the  Figure,  in  state  no.  1,  the  battery  supplies  current  ,  to  the  load. 

At  the  same  time,  there  is  a  voltage  divider  action  between  the;  load  resis¬ 
tance  and  R  such  as  to  supply  VT  to  the  loads.  In  state  no.  2,  the  switch 

closes  and  the  loads  are  essentially  isolated  from  the  battery.  It  will  be 
seen  that  in  both  states,  current  flows  through  R„  and  therefore  there  is 
power  dissipated  in  the  signal  source . 

Usually  VL 

loads.  For  given  values  of  VT  and  I.  .  if  R  is  decreased  in  order  to  . 

°  L  L^’  s 

decrease  the  source  power  dissipation1^  state  no.  1,  then  the  source  dissi¬ 
pation  in  state  no.  2  will  increase.  What,  then,  are  the  optimum  values  of 
R  and  E  such  that  I_  and  V  are  supplied  to  the  load  in  state  no.  1  and 
minimum  power  is  dissipated  by  the  signal  source  in  state  no.  2?  A  calculus 
minimization  attack  to  the  problem  readily  yields  the  answers  as  shown  below: 

In  state  no.  1: 


In  state  no.  2: 

E  Es  IL.  E  -  V. 

*r  8  Jl  ,  s  L 

2  "  Rb  =  Es  -  VL  6  S  "  ~“V 


lit 


^nd  1^  are  predetermined  by  the  requirements  of  the 


Figure  2a.  Idealized  Binary  Signal  Source  -  Firct  Category 


I - T - 1 


Mgure  2b.  Idealized  Binary  Signal  Source  -  Second  Category 

(Shovn  in  State  No.  l) 
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o 

s  L, 

Power  in  state  no.  2  =  P.  =  E  L  =  r; - r: 

2  c  2  E  -  V_ 

s  L 

Since  we  wish  to  find  a  minimum,  we  set  the  derivative  of  power 

with  respect  to  E  equal  to  zero: 
s 

E  It  (S  -  2V  ) 
dPg  s  L^  s  L 

^  "  <Es  -  Vl’2  =0 


E  -  2V  =  0 
s  L 

E  =  2Vt 
s  L 


E  -  V. 


R  = 
s 


Thus  E_  and  R  are  seen  to  be  simply  related  to  the  load  requirements, 
s  s 

The  above  solution  yields  an  optimum  value  of  E  for  the  given  load 
conditions.  It  will  now  be  shown  how  power  dissipation  increases  for  non- 
optimal  values  of  Eg. 

E  2  T 

p  . 

2  Eb  -  VL 


Minimum 
Power  in 
State  no.  2 


(2V  )2  I 

L  Lj 

2VL  •  VL 


=  4  V  I 
L  L, 


P  \e  -  V  I  \  Tjw  I  '  ~ 
J.  \~s  'l f  \  '*L 


VEs  -  V 


let  us  define  E  =  k  V, 
s  L 
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let  us  now  define  K  = 


k  (1;  -  1) 


.  •  .  P0  =  K  Pc 


A  plot  of  K  versus  k  is  shown  in  Figure  3*  Tills  curve  shows  that 
the  signal  source  can  easily  dissipate  two  cr  three  tines  the  minimum 
required  power  for  the  given  load  conditions  if  not  optimized. 

In  the  above  solution,  the  power  in  state  No.  2  was  minimized.  If 
the  circuit  is  switching  back  and  forth  between  states  No.  1  and  No.  2, 
the  circuit  could  be  designed  to  minimize  the  sum  of  the  power  dissipation 
in  both  states.  The  solution  to  this  problem  yields: 

1.707  VL 
.707  VL 


This  bi-state  design  technique  is  one  relatively  general  example  of 
design  procedures  which  can  result  in  the  minimization  of  power  dissipa¬ 
tion  while  achieving  certain  operational  property  requirements.  This  bi 
state  design  is  generally  applicable  to  designing  "second  category" 
signal  sources.  Where  the  designer  has  the  flexibility  to  influence  the 
load,  somewhat  similar  procedures  can  also  be  applied  as  will  be  shown 
later  in  conjunction  w#th  the  ETL-NOR  circuit. 
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Figure  3*  Variation  of  Power  With  Non-Optimal  Design. 


4.  A  Practical  Approach  to  the  Design  of  theDCTL-NOR 

The  DCTL-NOR  circuit  shown  in  Figure  4  is  the  subject  of  present 
consideration.  The  po^er  dissipation  in  each  of  these  circuit  types  can 
only  be  decreased  within  the  framework  whereby  they  fulfill  a  particular 
set  of  operational  properties.  The  desired  operational  properties  include 
maximum  fan-out  (fan-in),  maximum  frequency  of  operation,  and  a  particular 
probability  of  error-free  operation. 

From  the  point  of  view  of  the  circuit  designer,  the  power 
dissipation  of  a  circuit  reflects  the  cumulative  effects  of  the  circuit 
component  characteristics,  the  desired  operational  properties  of  the 
circuit,  and  the  degree  of  power  minimization. 

a.  Discussion  of  the  Problem 

The  DCTL-NOR  circuit  shown  in  Figure  4  has  received  wide  attention 
in  the  microelectronic  field  due  to  its  physical  simplicity.  In  this 
circuit  the  threshold  function  is  achieved  through  use  of  the  transistor 
base  to  emitter  V-I  characteristic.  The  base  to  emitter  V-I  characteristic 
is  of  the  "diode-type".  In  the  process  of  achieving  logic  fan-out,  it  is 
necessary  to  connect  several  of  the  threshold  devices  in  parallel  with  one 
another.  These,  as  a  group,  constitute  the  load  as  seen  by  the  previous 
information  signal  source.  Ideally,  the  signal  source  would  supply  the 
same  amount  of  current  to  each  of  the  threshold  points.  It  will  be  seen, 
however,  that  even  relatively  small  variations  in  the  threshold  charac¬ 
teristics  can  result  in  radically  different  current  being  supplied  to  the 
different  threshold  points. 
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Figure  .  DCTL-NOR  Circuit  Configuration 


The  Effect  of  Connecting  Diode-Type  Devices  in  Parallel 

Consider  the  characteristics  of  Figure  5*  Line  AEM 
represents  the  V-I  characteristic  of  an  idealized  diode-type  load.  Line 
ACN  represents  the  V-I  characteristics  of  another  idealized  diode- 
type  load,  which  has  the  same  "forward"  and  "backward"  resistance 
values  as  the  first  one,  but  which  has  a  different  voltage  "break 
point".  If  the  devices  which  correspond  to  the  two  characteristics  are 
connected  in  parallel,  their  combined  characteristic  is  represented 
by  line  ABGL.  If  we  require  that  at  least  three  units  of  current  be 
supplied  to  each  of  the  diode- type  loads  by  some  source,  it  is  seen 
that  the  source  must  supply  at  least  a  voltage  corresponding  to  AP 
to  the  combined  loads.  If  this  is  to  be  true,  the  V-l  characteristic 

of  the  source  must  Intersect  the  combined  load  characteristic  some-  . 

where  along  JL.  For  minimum  power  dissipation  in  the  combined  load 
within  the  constraint  that  each  load  be  supplied  at.  least  three  units 
of  current,  the  point  J  on  line  JL  would  of  course  be  selected  as  the 
intersection  point.  If  this  is  carried  out,  it  is  seen  that  a  current 
FP  would  be  supplied  to  one  load  while  a  current  corresponding  to  OP 
would  be  supplied  to  the  other  load.  For  the  example  shown,  one  load 
would  be  supplied  three  times  the  minimum  current. 

It  is  interesting  to  note  that  if  the  minimum  current 
requirement  is  decreased  to  some  finite  value  approaching  zero,  the 
power  supplied  to  one  load  approaches  zero  while  that  of  the  other 
load  approaches  the  product  of  AC  and  GC.  The  distance  GC  corresponds 
to  a  "waste"  current.  The  waste  current  is  a  function  of  the  forward 
conductance  and  the  voltage  difference  between  the  maximum  voltage 

device  and  the  other  device  under  consideration: 

Waste  Current = 
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Figure  5*  The  Result  of  Paralleled  Operation  of  Tvo 

Diode  Type  Loads  vith  Different  Voltage  Shifts 
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Ifr^  loads  selected  randomly  as  having  either  ABM  or  ACN  characteristics 
are  connected  in  parallel,  the  worst  case  necessary  waste  current  is 
given  by: 

I  =  Total  waste  current  r  (n  -  l)(Y  )(aK  ) 

V  o  1  Dp 

Thus,  even  though  the  minimum  required  individual  load  current  may  be 

made  to  approach  an  extremely  small  positive  value,  the  source  which 

supplies  the  m- paralleled  load  must  be  capable  of  supplying  the  waste 

current  I  at  a  voltage  greater  than  E  -  the  maximum  breakpoint 

w  °  °  bp  max 

voltage.  The  product  of  the  maximum  breakpoint  voltage  and  the  waste 
current  represent:;  an  absolutely  minimum  value  of  power  which  must  be 
supplied  by  the  driving  signal  source.  This  power  is  essentially 
wasted.  In  practical  situations,  this  "waste"  power  may  represent  a 
major  portion  of  the  total  load  power  dissipation. 

The  DC'rcf,  Signal.  Source  Driving  Plodo-Type  Load:; 

The  previous  section  considers  the  effect  of  the  parallel 
connection  of  two  diode-type  loads.  Let  us  now  consider  that  the 
characteristics  of  Figure  5  represent  the  base  to  emitter  characteristics 
of  the  two  load  transistors  of  Figure  6.,  The  two  loads  are  being 
driven  by  a  DCTL  signal  source. 

Let  uc  consider  the  following  design  problem: 

Given: 

(1)  Two  parallel  connected  loads  with  characteristics  as  shown 
in  Figure 

(2)  A  signal  source' as  shown  in  Figure  6. 

(5)  Each  loud  must  be  supplied  a  minimum  of  J  current  units. 

(4)  The  signal  source  presents  essentially  a  short  circuited 
output  in  the  "source  on"  condition. 

Find: 

The  values  of  Sr  and  Rr  which  will  minimize  the  power  dissipated 
in  the  signal  source  in  its  "on"  state. 
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Figure  6.  DCTL  Signal  Source  Driving 
Two  Diode -Type  Loads 
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Solution:  (using  Figure  5) 

(1)  The  minimum  lead  current  requirement  establishes  Ep  as 
the  minimum  acceptable  steady  state  output  when  the 
source  is  in  the  "off"  condition. 

(2)  The  paralleled  diode  characteristics  establish  I.  *  IQ  +  Iy 
as  the  minimum  acceptable  current  to  be  supplied 

by  the  signal  source  in  its  "off"  condition. 

(3)  It  is  seen  that  the  signal  source  load  line  must  intersect 
the  load  characteristics  somewhere  along  line  JL.  Minimised 
power  considerations  establish  point  J  as  the  proper 
choice  of  intersection  point. 

(4)  Once  point  J  is  selected  the  Bi-State  Nominal  Design  derived 

s  ,;c c •  .0:.  p  qv  .V,  establishes  =  2  E  which 
determines  the  point  D  in  Figure  S. 

(5)  The  resistor  R  =  E  /I  establishes  the  source  load-line  KJD. 

s  y  J 


Some  Graphical  Observations : 

(1)  The  rectangular  area  AKQD  represents  the  "signal  source  on" 
source  power  dissipation  "power  rectangle". 

(2)  Any  other  choice  of  E,  and  Rs  which  establish  u  load  line 
through  point  J  would^have  had  a  higher  "signal  source  on" 
power  dissipation.  The  new  "power  rectangle"  would  have 

a  greater  area. 


(3)  The  rectangle  ARJP  represents  the  power  delivered  to  the 
load  in  the  JJsource  off"  condition. 

(4)  The  minimized  "source  on"  dissipation  is  FOUR  times  the 
maximum  power  which  the  "source  off"  will  be  required 
to  supply  the  combined  load!  This  is  an  extremely 
important  fact!  Another  way  of  saying  it  is  that  the 
optimum  "source  on"  power  dissipation  is  four  times  the 
"source  off"  power  capability  -  not  necessarily  the  power 
that  is  actually  being  dissipated  in  a  particular  instance. 

(5)  Point  D  must  be  designed  to  correspond  to  the  minimum 

expected  value  of  E  .  and  the  slope  of  KJD  **«»  designed 

to  correspond  to  the  maximum  expected  value  of  Rg. 

(6)  The  design  would  have  proceeded  in  the  same  manner  if  ABM 
and  ACN  represented  the  expected  "worst"  case  extremities 
in  the  load  characteristics. 


(7)  The  sen! -graphical  analysis  lends  itself  to  a  more  compre¬ 
hensive  picture  of  the  static  circuit  operation;  can  be 
used  to  attack  non-linear  threshold  characteristics  (for 
example  if  one  attempts  to  design  at  such  low  base  currents 
that  one  is  near  the  "breakpoint");  and  illustrates  the 
effect  on  power  dissipation  if  certain  parameters  are 
varied . 


The  Minimum  Base  Current  and  Transistor  Grounded  - 
Emitter  Current  Gain. 

In  the  previous  section,  the  graphical  design,  which  was 
considered,  assumed  an  arbitrary  minimum  value  of  base  current  and 
assumed  that  the  "on"  transistor  was  saturated.  As  might  be  expected 
the  choice  of  an  actual  minimum  base  current  is  a  function  of  transistor 
parameters . 


Consider  an  n.  input  and  nQ  output  nor  circuit  with  the 
"source  off"  currents  as  shown  in  Figure  7a.  It  is  seen  that: 


where : 


I  _  =  n  I  +1  +  n  I, 

sf  i  co  w  o  bn 


I  =  the  "off"  transistor  collector  current 
co 

n^  =  the  number  of  transistor  collectors  connected 
to  the  common  source  resistor 

Iw  =  the  total  "waste"  current  as  defined  om  section  2a 

n  =  the  ij>unber  of  transistor  bases  being  driven  by 
the  signal  source 


1^  =  the  minimum  acceptable  steady-state  "on"  base  current 

The  same  circuit  in  the  "source  on"  condition  has  currents 
shown  in  Figure  7b.  Although  ell  n  transistors  cruld  conceivably  be 
on,  any  one  of  them  must  be  capable  of  supplying  the  required  collector 

t 

current  which  is  equal  to  I  „  +  n  I  .  Let  us  assume  that  the  satu- 

sn  o  co 

ration  voltage  of  the  one  on  transistor  is  appreciably  less  than  E 

8 

(thereby  qualifying  approximately  as  a  "perfect"  short  circuit). 


I 

I 

I 

» 

Figure  7a-  DCTL  "Source-off"  Condition  (Static) 


t 


I 

I 

I 

Figure  7b-  DCTL  "Sourcc-on"  Condition  (Static) 
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Assuming  that  the  Bi- State  Nominal  Design  has  been  applied  to  the 

design  of  E  and  R  ,  1/  must  be  equal  to  twice  3  ....  In  order  for 
s  s  q  n  ^  - 

the"on''transistor  to  be  in  saturation,  therefore: 


B  L  >  I  +  n  I 
^  ^n.  sn  o  co 


I  =21 
sn  sf 


ft 


I 

co 

+  I 

w 

+  n 

o 

kn 

>  2 

k 

1 

I 

CO 

+  Iw 

o  bn 


+  n  I 
o  co 


(g  ni  j  np) 

£  -  2I>„ 


+  2.  I 


where : 


g  =  the  minimum  expected  common  emitter  curx*ent  gain 
of  the  transistor. 

This  equation  for  1^  illustrates  several  very  Interesting 
facts.  For  one  thing,  the  common -emitter  current  gain  must  be  greater 
than  twice  the  number  of  loads  being  driven.  One  would,  of  course, 
expect  the  required  £  to  be  at  least  equal  to  nQ.  The  factor  of  two 
is  a  direct  result  of  the  Di-State  Nominal  design.  Bssentially  the 
price  for  minimizing  the  source  power  dissipation  is  cutting  in  half  the 
effective  minimum  current  gain  of  the  transistor.  The  equation  also 
shows  that  for  values  of  £  much  greater  than  2  nQ,  the  current  at 

least  under  static  conditions  con  be  made  arbitrarily  3mall  with 
increasing  p.  It  is  also  obvious  that  even  for  moderate  values  of 

f 

current  gain,  the  I,  can  be  made  very  small  by  decreasing  I  and  I  . 

This  is  the  most  favorable  approach  since  as  I  '  and  1^  approach 

zero,  both  i  and  the  total  cireuiu  power  can  also  be  made  to  approach 

zero  under  static  conditions.  Instead  if  I.  is  mode  very  small 

/  bn 

Just  by  ueing  higji  current  gain  translators,  the  3tatic  "source  on" 
power  dissipation  P  will  approach  the  value: 

P  .  l»(n  T  ’  +  1  )(E,  ) 

1  co  v  bp  max 
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In  the  design,  the  minimum  expected  transistor  current  gain  £ 
multiplied  by  the  minimum  acceptable  base  current  I^n>  must  be  greater 
than  or  equal  to  the  maximum  necessary  "source  on"  collector  current  Ic,  i.e. 

3  I.  >  1 
—  bn  —  c 

But  the  maximum  necessary  "source  on"  collector  current  must  be  greater 
than  or  equal  to  twice  the  "source  off"  current  requirement  plus  the  number 
of  outputs  times  the  "off"  transistor  current,  i.e. 


where 


r  n  Q-i 

I  >  2  n  I  '+  I  +  n  I,  +  _°_  +  n  I  ' 

c  —  i  co  w  o  bn  t  o  co 


=  the  number  of  transistor  collectors  connected  to 
the  common  source  reaiBtor. 

=  the  total  waste  current  (defined  on  pages  21  and  2j) 


nQ  =  the  number  of  transistor  bases  being  driven  by 
the  signal  source. 

I^n  =  the  minimum  acceptable  steady  state  "on"  base  current. 

I  '  =  the  "off"  transistor  collector  current, 

co 

Q  =  the  total  transient  charge  required  by  each  transistor 
base  and  associated  capacitance. 

t  *  the  switching  time. 
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But  from  the  first  equation: 


-=■£-<  i 

g 


.'.I  >  2  n,  I  '  +  I  +  n 
c  — 


+  n  -3  ]  +  n  I 


ico^w  o  _p  otj  oco 


.  I  > 
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2  £ 


—  g  “  2n 


[• 


I  1  +  I  + 
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no  (? ♦ ¥)] 


2noIc 


1-2 

c 
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The  equality  portion  of  the  above  relationship  1b  plotted  in  Figure  8. 
Also  plotted  in  the  curve  is  a  typical  assumed  curve  shoving  the  variation 
of  minimum  expected  current  gain  as  a  function  collector  current.  The 
intersection  of  the  two  curves  represents  the  minimum  acceptable  collector 
current.  This  allows  the  minimum  acceptable  base  current  to  be  established 
on  the  basis  of  the  minimum  expected  current  gain.  The  minimum  acceptable 
base  current  is  simply  given  by: 

Ibn  1cX 


where  "X"  denotes  the  respective  values  for  the  intersection  of  the  two 
curves . 

It  is  interesting  to  note  the  two  lines  to  which  the  §  curve 
is  asymptotic.  The  line  parallel  to  the  collector  current  axis  is  a  pure 
function  of  the  fan-out.  The  other  line  is  a  function  of  the  leakage 
currents,  the  waste  currents,  and  the  transient  currents.  Thus,  if  in 

✓ 
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Figure  8.  Graphical  Determination  of  T  for  the  DCTL-NOR 


a  particular  situation,  the  two  curves  should  not  intersect  (indicating 
an  impossible  situation),  it  can  be  easily  observed  to  what  degree  one 
of  the  factors  must  be  decreased  in  order  to  enable  an  intersection  and 
thereby  a  realizable  solution. 

This  outlined  technique  is  also  interesting  in  that  any  arbitrary 
non-linear  0  versus  I  characteristic  can  be  easily  and  exactly  handled. 


For  simplicity  of  future  notation,  a  new  variable  will  be 


defined i 


n.  I  I  ♦  n 

i  co  w  o 


a  .  ia1 

t  2 


Therefore,  the  design  inequality  becomes: 

Cc 


2  n  I- 


*  I"-TT 

_C  Y 

and  the  equality  curve  is  asymptotic  to  vertical  line  at  i  ■  2  >|r. 
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b.  Establishing  One  rut  ionai  Fronortv  "Trude-of L's"  for  an  Rxamrole . 

[n  this  aver, ion.  the  design  techniques  outlined  in  the  previous 
section  are  applied  to  asc  main  some  of  the  operational  property  "trade-offs' 
for  the  DCTI-NOR  circuit 

The  t runsistor  type  selected  for  this  example  van  the  2N708. 

The  immediately  pertinent  parameter  information  is  shown  in  Figures  9  and 
10.  At  any  teir.pe ratu re,  the  common  emitter  current  gain  of  a  transistor 
type  is  characterized  by  a  certain  "spread"  or  distribution.  The  two  curves 
in  Figure  9  show  the-  Lower  Ja  limit,  of  the  2N708  at  ?5°C  and  -?5°C,  re¬ 
spectively,.  This  info  mat  ion  was  derived  from  the  manufacturer's  data 


Figure  10  shows  a  family  of  curves  with  the  J,  vs.  V,  acce3 

b  be 

The  two  lines  associated  with  the  80^  indicate  that  the  I.  vs.  V.  charac- 

D  be 

teristic  of  a  random  transistor  has  a  probability  of  0.8  that  it  will  fall 
between  the  lines.  Similar  statements  concerning  a  probability  of  0.90, 
0.96.  0.98,  and  0-99  for  the  lines  associated  with  the  other  percentages. 
It  will  be  noted  that  the  same  lover  limit  is  common  to  all  the  pairs. 

This  information  was  derived  from  a  group  of  over  200  transistors.  While 
not  necessarily  representing  a  type  cal  sample,  it  was  the  most  complete 
information  available.  Unfortunately,  the  curves  do  not  extend  to  values 
of  base  current  less  than  one  milliarapere -  It  would  have  been  extremely 
desirable  to  have  the  more  elaborate  information  in  establishing  designs 
and  trade-offs  at  very  low  power  levels. 

Figure  11  shoving  the  incremental  waste  current  for  the  2H708 
was  directly  derived  from  the  information  in  Figure  10-  The  dashed  lines 
show  an  approximate  extrapolation  of  the  information  for  values  of  base 
current  less  than  one  milliampere. 


Tn  section  A-na  of  taps  report,,  a  variable,  was  defined 


f  *  n  I  c  iv  -  n  j-5  -  — ^ 
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FIGURE  9 


It  vas  further  shown  that  there  is  a  minimum  acceptable  common  emitter 
current  gain,  £,  which  is  given  by: 


2n  I 

ft  -  -  °  c 

&  -  T 


2y 


If  the  fanout  factor  is  fixed  arbitrarily,  the  intersection  of  the  above 

required  equation  with  the  minimum  expected  P  vs.  I-  characteristic  auto- 

c 

matically  fixes  the  value  of  £,  I  ,  and  1^  for  any  particular  value  of 

An  example  of  this  is  shown  in  Figure  12.  On  top  of  the 
graph  of  the  variation  of  the  lower  Jo  common  emitter  current  gain  of  a 
2N708  at  25°C  is  superimposed  the  plots  of  the  above  equation  for  a  fixed 
fanout  of  5  and  for  t  equal  to  0.5,  1.0,  2.0,  J.0,  k.0,  5-0,  ?.0,  9.0  and 
10.0.  Dividing  the  minimum  acceptable  collector  current  by  the  £  at  each 
intersecting  point  establishes  a  certain  minimum  acceptable  base  current, 

Ib  .  The  result  of  such  computations  at  each  intersecting  point  yields 
the  solid  curved  line  in  Figure  15 .  This  solid  curved  line  shown  a  very 
interesting  effect!  As  the  minimum  base  current,  I^n  is  increased,  the 
available  'if  increases  to  a  point  and  then  decreases  for  further  increasing 
I^n-  +  can  be  thought  of  as  a  net  available  current  which  can  be  divided 
amongst  leakage  current,  waste  current,  and  transient  overdrive  current. 

This  maximum  in  the  \jr  versus  1^  curve  is  due  to  the  fact  that  the  transis¬ 
tor  gain  decreases  with  sufficiently  high  collector  current.  A  transistor 
gain  which  remained  constant  at  50-2  at  all  higher  value  of  collector 
current  would  re  stilt  in  the  line  tangent  to  the  solid  curve.  The  dashed 
lines  of  Figure  15  are  a  duplicate  of  Figure  11.  The  two  sets  of  curves 
are  superimposed  to  show  that  a  substantial  portion  of  the  available  t 
may  be  used  up  by  the  waste  current  thereby  substantially  decreasing  po¬ 
tential  speed  due  to  lack  of  transient  overdrive  current.  The  superposition 

* 

also  shows  that  as  one  increases  the  probability  that  sufficient  base 
current  is  being  supplied,  one  decreases  the  current  available  for 
switching  speed  and  leakage  current. 
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FIGURE  13 


In  Figure  It,  a  superposition  solution  is  carried  out  the  some 
as  in  Figure  1?  except  that  the  fanout  is  changed  from  5  to  3*  The  result¬ 
ing  available  0  versus  I  is  shown  in  Figure  15,  along  with  a  reproduction 
of  Figure  13 •  / 

The  intersection  points  in  Figures  12  and  l4  can  also  be  used 
to  derive  the  available  \Jr  versus  minimized  power  curve  as  shown  in  Figure  16. 
The  computations  proceed  as  follows:  with  each  intersection  point  in 
Figures  12  and  1  h  is  associated  a  particular  £,  I  ,  I^n  and  \|f.  With  each 
I  ,  there  is  associated  a  particular  from  Figure  10,  for  a  given  de¬ 
gree  of  confidence,  (The  curves  of  Figure  16  are  derived  for  99#-)  Applying 
the  Bi-State  Nominal  Design  technique  establishes  a  minimum  acceptable  value 
for  E_,  the  supply  voltage.  The  product  of  E  and  I  represents  the  mini- 
mized  power  dissipation  for  the  particular  point.  Each  value  of  minimized 
power  is  associated  with  a  certain  value  of  which  is  plotted  in  Figure 
16. 

If  it  is  temporarily  assumed  that  it  is  possible  to  decrease 
(perhaps  by  selection)  the  leakage  current  and  waste  current  to  values  which 
are  small  with  respect  to  the  transient  switching  current,  the  question 
would  arise  as  to  the  trade-off  between  maximum  frequency  of  operation  and 
minimized  power  dissipation.  In  other  words,  it  is  temporarily  assumed 
that  all  the  available  is  used  for  maximizing  the  frequency  of  operation 
and  it  is  not  necessary  to  use  any  appreciable  portion  to  overcome  leak¬ 
age  and  waste  currents.  The  solid  lines  in  Figure  21  show  such  a  trade-off 
for  a  minimum  temperature  of  25°C;  a  10#  of  the  period  switching  time;  and 
a  per  load  unit  charge  of  50  picocoulombs .  The  per  load  unit  charge  i3 
the  charge  necessary  to  sufficiently  supply  the  effective  per  load  capaci¬ 
tance.  The  effective  per  load  capacitance  includes  the  effective  capaci¬ 
tance  of  the  transistor  input  including  storage  and  switching  effects  along 
with  the  packaging  and  wiring  stray  capacitance. 

The  results  in  Figure  21  are  based  on  zero  waste  current.  This 
is  equivalent  to  using  a  0#  confidence  spread  or  distribution  as  per 


ijmmm 


Figure  10.  Introducing  higher  confidence  limit:-,  increases  the  waste 
current  as  shown,  in  Figure  11 .  In  Figure  11,  for  a  particular  value  of 
1^  ,  the  waste  current  increases  with  higher  confidence  limits. 

In  Figure  23,  the  "fanout  =  3"  solid  line  of  Figure  21  has 
been  recopieu  and  labeled  0 $.  The  80$  solid  line  in  Figure  2p  shows  the 
effect  of  introducing  the  80$  confidence  limit  waste  current  into  the 
solution.  Likewise, the  solid  99 %  line  shows  the  affect  of  introducing 
the  99$  Confidence  limit  waste  current  into  the  solution.  As  might  be 
expected,  as  more  and  more  available  \|r  is  allocated  to  furnish  waste 
current,  the  maximum  realise able  frequency  of  operation  decreases  for  the 
same  circuit  power  dissipation. 

It  should  be  noted  that  whereas  Figure  16  is  relatively  gen¬ 
eral  in  nature,  Figures  21  and  23  are  relatively  more  restricted  in  that 

/ 

a  unit  charge  of  50  picocoulombs  has  been  somewhat  arbitrarily  selected. 

If  packaging  and  wiring  restrictions  in  a  particular  situation  should 
warrant  a  different  unit  charge,  new  curves  would  need  to  be  calculated. 

All  of  the  above  results  have  been  based  on  a  minimum  system 
temperature  of  25°C.  As  shown  in  Figure  9,  there  is  a  considerable  drop 
in  3  with  decreased  temperature.  The  question  arises  as  to  the  effect  on 
the  previously  generated  "trade-off"  curves  if  the  minimum  system  tempera¬ 
ture  is  decreased  to  -55°C.  The  superposition  solution  shown  in  Figure  IT 
is  related  to  Figure  1 h  except  for  the  use  of  the  -55°C  B  versus  I 

c 

characteristic  instead  of  the  +25°C  characteristic.  Likewise,  Figure  18  is 

related  to  Figure  12.  The  available  versus  I,  curves  derived  from  the 

bn 

superposition  solutions  of  Figures  17  and  18  are  shown  in  Figure  19. 
Likewise,  the  available  \|t  versus  minimized  power  curves  are  shown  in  Figure 
20. 


Comparing  Figures  16  and  20,  the  price  of  operating  at  -55°C 
instead  of  +23  C  in  terms  of  ava.ixts.uie  \jt  for  a  given  minimized  power  is 


substantial . 


MINIMUM:  TEMPERATURE -55 


The  dashed  lines  in  Figure  21  show  the  maximum  frequency  versus 
minimized  power  curves  for  a  minimum  temperature  of  -55°C.  Ccntp&ring  the 
dashed,  and  solid  curves  in  Figirv  21,  it  is  evident  that  there  is  a  sub¬ 
stantial  power  price  for  equivalent  operational  properties  when  designing 
for  -55°C.  What  is  perhaps  even  more  important  is  the  fact  that  the 
maximum  reel izeable  maximum  frequency  of  operation  is  substantially  de¬ 
creased.  In  other  words,  it  is  bad  enough  to  have  to  pay  a  higher  power 
price  for  equivalent  operational  property  performance,  but  it  is  extremely 
unfavorable  to  be  unable  to  increase  the  operational  properties  no  matter 
what  the  power  price  one  is  willing  to  pay. 

Figure  22  shows  Frequency  versus  power  curves  (Fanout  =*$;  Qffv 
confidence  limit  on  waste  current;  25°C)  for  different  values  of  unit  charge. 
The  50  picocouloab  curve  is  identical  to  the  25°C  fanout  -5  curve  of  Figure 
21.  The  purpose  of  Figure  22  is  to  show  the  rt'fV-i  of  varying  circuit 
effective  capacitance  and  signal  amplitude  on  the  performance  per  unit 
power. 

The  solid  curves  of  Figure  23  have  already  been  discussed. 

The  dashed  lines  are  tho  result  of  lowering  the  minimum  temperature  to 
-55°C.  It  will  be  noted  that  the  99%  dashed  line  is  listed  as 
unrealizable.  The  cause  of  this  was  that  the  total  waste  current  was 
greater  than  the  available  >jr  under  all  operating  currents.  Therefore,  there 
waa  no  available  current  to  supply  leakage  and  transient  overdrive  conditions 

It  should  be  reiterated  that  the  example  here  has  been  carried 
out  using  rather  insufficient  and  not  necessarily  accurate  data  concerning 
the  transistor’s.  If  optimum  circuit  design  is  ever  to  be  realized,  it  is 
absolutely  necessary  that  more  information  be  known  of  the  variation  of 
parameters  under  varying  conditions  of  temperature,  radiation  level, 
current,  etc . 

In  spite  of  some  que^irr  related  to  data  accuracy,  this  ex¬ 
ample  has  illustrated  some  Interesting  ideas  along  with  showing  approximate 
numbers.  One  of  these  is  the  idea  of  an  available  $  current  which  can  be 
allocated  for  different  purposes  such  as  leakage  current,  waste  current, 
and  transient  overdrive  current.  The  effect  of  a  decrease  in  the  common - 
emitter  current  gain  becomes  quite  drastic  as  it  approaches  twice  the  fan¬ 
out,  n  . 
y  o 
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FREQUENCY  OF  OPERATION  VS.  POWER  DISSIPATION 

FIGURE  21 


MAXIMUM  FREQUENCY  OF  OPERATION  VS.  POWER  DISSIPATION 

FIGURE  22 
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FREQUENCY  VS  POWER  AT  DIFFERENT  CONFIDENCE  LEVELS 

FIGURE  23 
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duct  current  "toward"  the  translator  base .  Since  the  transistor  is  "off", 

t’n.o  current  cannot  flow  into  the  transistor.  Therefore,  a  resistor  is 

included  to  provide  a  current  path.  In  order  to  er.al  l.e  the  design  of  a 

non-conducting  base  voltage  equal  to  or  Less  than  tore,  the  resistor  R 

is  returned  to  a  negative  supply  voltage,  E  .  The  voltage  supply  E  the 

B  *  D' 

resistor  R^,  and  the  series  combination  of  gate  diode  and  previous  stage 
saturated  transistor' constitute  a  signal  source  as  directly  related  to 
Figure  E-b.  The  diode-saturated  transistor  combination  replace!';  the 
"idealised"  single  throw  switch.  The  resistor  R  is  not  a  necessary  cir- 
suit  component  in  most,  situations .  Except  where  transmission  line  effects 
appear  (at  high  frequencies  of  operation),  any  function  performed  by  R^ 

can  oe  done  instead  by  R^.  Therefore,  will  be  assumed  removed  from 

the  circuit  in  the  present  discussion. 

Most  of  the  power  dissipated  by  this  circuit  is  con¬ 
centrated  at  R  .  In  fact,  applying  the  idea  of  the  Bi-State  Nominal 
Design  of  Section  IV-A-t-d,  it  is  known  that  the  minimum  ."transistor 
non-conducting"  power  dissipated  in  R^  is  approximately  four  times  the 
"transistor  conducting"  power  as  seen  from  the  input  to  R^. 

Let  us  consider  the  power  dissipated  in  R^  in  the  "transis¬ 
tor  conducting"  state.  The  current  flowing  in  R,^,  in  this  state,  is  given  by: 

T  .  .  V shift  ,  AVbe  ,  . 
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Sure  2b.  "NAND"  Gate 


where 


I  =  the  required  base  current 

a 

V  -  the  voltage  shift  which  was  designed  for  the  "transistor 

uull  L  i 

oi f  state 

AV  -  the  change  in  base  to  emitter  voltage  between  the  con- 

ducting  and  non-conducting  states. 

the  power  dissipated  in  R.,  is  then  given  by: 

IV 

PK*  *K  W 

Taking  the  first  derivative  with  respect  to  and  setting  it  equal  to 
zero,  the  value  of  R^,  is  found,  which  minimizes  the  maximum  power  dissipated 
in  R^: 


3  r  V  AV  2  2V  r  V  \V  1 

K  _  . shift  AV  shift  shift  A  be  (  , 


Vshift  AVbe 


shift 


Ib+  rb 

It  will  be  noted  that,  in  equation  (26),  the  term  Vchift  is  the  current 

R 

K 

flowing  both  in  and  in  the  transistor  non-conducting  state  (assuming 
that  I  «‘ Vshift) •  ft  is  interesting  that  minimizing  the  power  dissipated 

in  R^.  in  the  "transistor  condu^ll;^"  ^tate  resulted  in  an  establishing  of 
the  necessary  "•shift"  current  in  the  non-conducting  state. 


The  power  dissipated  in  Rg  in  the  conducting  state  is  given  by: 
„  Khift  .  AVbe]  „ 


5^ 


5? 


The  function  1  fh  (K  -s-  2  +  77)  is  nlotted  in  Figure  25-  As  night  be  ex- 

fv. 

pected,  it  has  a  iniuinun  value  at  K  equal  one,  and  increases  rapidly  for 
decreasing  K  and  node ratal y  for  increasing  K.  The  function  of  K  is  the 
sane  as  the  function  <df  k  for  P  .  Thus,  Figure  25  shows  the  relative  in¬ 
crease  in  either  P,  or  P„  as  a  function  of  any  non-optimum  (K  /  l)  choice 
of  iU  or  Rj. 

The  supply  voltage  E^  must  he  designed  to  correspond  to  the 

(33) 

(39) 


non-conducting  state: 


^B  ~ 


AV 


T  r 


be 


B  Rr 


"b 


substituting  equation  J2  for  R^: 


*b  *  <»  +  »> 


or  under  minimum  power  design 


E  -  5  AV, 

B  oe 


(*0) 


By  applying  the  above  equations,  it  is  seen  that  the  input 
load  to  R^.  in  the  conducting  state  under  minimum  power  design  is  charac¬ 
terized  by  a  current  which  is  three  times  1^  and  a  voltage  which  is  equal 


to 


2  V  +  V 

shift  be 


This  load  can  be  used  to  establish  E^  and  R^  by 


applying  the  Bi-State  Nominal  Design.  Thus,  it  is  found  that  for  minimum 
power  dissipation 


En  -  2 


2  +  V 
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In  the  DTL  -  NOR  case,  there  is  a  base  current 
emitter  current  gain  deei.gr  relationship  similar  to  the  DCTL 


common 
NOR  case. 
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n  =  fan-out 

o 

ni  =  fan-in 

Ip  =  the  reverse  diode  conduction  current 
Qc  a  the  average  wiring  capacitance 

t  =  the  switching  tine 

g  =  the  minimum  acceptable  common  emitter  current  gain 


b.  DTL  "NOR"  Circuit  Analysis 


The  problem  of  circuit  design  is  generally  one  of  matching  a 
set  of  terminal  requirements,  based  upon  system  considerations,  to  device 
and  component  characteristics  in  such  a  way  that  an  "optimum"  circuit  is 
derived.  When  microelectronic  circuits  are  involved,  the  optimum  may  be 
defined  as  the  lowest  power-dissipating  circuit  which  is  still  able  to  meet 
all  terminal  requirements,  or  as  the  circuit  having  the  highest  tolerance  to 
component  drift  while  still  meeting  all  terminal  requirements.  This  report  is 
concerned  basically  with  establishing  design  criteria  which  may  be  useful  in 
both  the  design  and  evaluation  of  a  resistor  -  transistor  -  diode  "Nand"  or 
"Nor"  gate. 

Figure  2b  illustrates  a  basic  negative  logic  NOR  configuration. 

(Using  a  pnp  transistor  with  reversed  battery  polarities  and  diodes. would 
yield  a  negative  logic  NAND  circuit.)  Since  the  transistor  is  used  basically 
as  a  switch,  there  exist  two  quiescent  states  which  a  circuit  designer  must 
be  concerned  with.  The  first  state  will  be  referred  to  as  the  "conducting" 
state  and  implies  that  the  transistor  is  in  its  saturated  condition.  The 
second  state  is  referred  to  as  the  "non-conducting"  state  and  refers  to  the 
cutoff  condition  of  the  transistor.  When  the  circuit  is  in  the  conducting 
state,  certain  design  criteria  must  be  met  which  may  be  considerably  different 
from  those  criteria  applying  when  the  circuit  is  in  its  non-conducting  state. 

The  static  design  problem  consists  of  imposing  constraining  conditions 
upon  the  circuit  in  both  of  its  states  such  that  the  terminal  requirements 
of  the  circuit  are  met  while  making  sure  that  the  conditions  of  one  state 
do  not  mutually  exclude  the  conditions  of  the  second  state. 

Hence,  the  static  design  procedure  may  be  treated  in  a  three-dimensional 
space  as  illustrated  in  Figure  26.  The  conducting  state  of  the  circuit  can 
be  represented  as  a  design  area  on  the  z  -  x  plane  where  the  area  is  deter¬ 
mined  by  the  constraint  conditions  applied  to  the  circuit  during  transistor 
saturation.  Similarly,  a  design  area  can  be  specified  for  the  non-conducting 
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state  in  the  z  -  y  plane.  If  the  two  areas  are  then  projected  in  the  y  and 
z  directions  respectively,  an  intersection  will  occur  which  defines  a  design 
volume.  Any  circuit  having  the  parameters  x^,  y^,  which  fall  within  the 
intersected  volume  will  meet  the  terminal  specifications  of  the  circuit  for 
both  circuit  states.  A  large  number  cf  designs,  having  co-ordinates  within 
the  volume,  would  satisfy  the  terminal  requirements.  However,  only  one 
design  would  meet  an  optimum  requirement,  such  as  minimum  power  or  maximum 
reliability.  If  the  two  areas  do  not  intersect,  then  the  terminal  require¬ 
ments  imposed  upon  the  circuit  in  its  conducting  state  are  not  compatible 
with  those  of  the  circuit  in  its  non-conducting  state  and,  consequently,  the 
terminal  conditions  would  not  be  physically  realizable. 

It  is  apparent  that  this  method  of  circuit  design  leads  to  a  fairly 
convenient  check  on  vhether  or  not  a  given  circuit  meets  terminal  require¬ 
ments.  Once  a  circuit  has  been  built  according  to  a  particular  design,  the 
circuit  can  be  measured  for  those  properties  referred  to  as  x,  y.  z  in 
Figure  26.  If  the  space  co-ordinate  falls  within  the  intersected  design 
volume,  the  circuit  meets  its  terminal  requirements:  if  not,  the  circuit 
should  be  rejected.  It  is  apparent  that  the  greater  the  intersected  volume, 
the  greater  will  be  the  probability  that  a  fabricated  circuit  has  x,  y,  z 
parameters  satisfactory  for  meeting  the  circuit  specifications.  Thus,  a 
small  intersected  design  volume  would  indicate  very  tight  circuit  require¬ 
ments  which  may  be  incompatible  with  some  microelectronic  fabrication 
techniques  while  a  larger  intersected  volume  would  imply  higher  circuit 
yield  in  the  manufacturing  process. 

The  problem  of  setting  up  a  design  procedure  as  outlined  above  is 
essentially  one  of  finding  a  parameter  z  which  is  common  to  both  the  non¬ 
conducting  and  conducting  states  of  the  circuit  while  finding  suitable  x  and 
y  parameters  as  well  as  constraining  conditions  to  map  out  a  design  area  on 
the  x  -  z  and  y  -  z  planes.  Section  2  suggests  such  a  procedure  for  the  NOR 
gate  illustrated  in  Figure  2b. 
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Static  Design  Procedure 

The  static  design  procedure  for  the  Wand  gate  of  Figure  2U  is 

concerned  with  finding  suivabie  values  for  the  four  resistors.,  R^,  R^_,  R^ 

and  R^.  It  will  be  assumed  that  the  system  designer  impose^-  a  fan-in 

requirement,  r^,  a  fan-cut  requirement,  n  ,  and  available  power  supply 

potentials,  E_,  E_  and  Enn.  In  addition,  the  system  requirements  may  impose 

U  d  cc 

restrictions  upon  frequency,  signal  propagation  delay,  rise  and  fall  times, 
etc.  which  affect  the  design  of  the  circuit  in  a  third  state,  viz.,  the  tran¬ 
sition  state  and  its  relationship  to  the  static  design  will  be  considered  in 
a  later  report. 

For  purposes  of  this  analysis,  assume  that  the  transistor  is  specified 
in  terms  of  its  minimum  low  frequency  current  amplification  factor,  oc^q,  its 
base  to  emitter  saturation  drop,  V_„_,  its  collector  to  emitter  saturation 
voltage,  and  its  leakage  current,  I  .  In  addition,  it  will  be  assumed 

that  the  input  diodes  are  specified  in  terms  of  their  forward  voltage  drops, 


Vp,  and  reverse  leakage.  Thus,  the  model  of  the  saturated  transistor  and 
the  conducting  diodes  will  be  considered  as  simple  batteries  representing 
the  various  voltage  drops  during  conduction.  This  model  is  justified  in  view 
of  the  fact  that  the  circuit  configuration  using  resistor  interstage  networks 
is  based  upon  current  control  by  the  resistors  and  not  by  the  active  devices. 
If  this  criterion  is  not  met,  then  the  DTL  configuration  is  not  used  to 
proper  advantage.  * 

Conduction  State  Parameters 


When  the  transistor  is  saturated,  it  supplies  current  to  an 
external  load  while  being  held  in  saturation  by  the  current  supplied  from  E^. 
It  is  important  to  make  sure  that  the  drive  current  is  of  sufficient  magnitude 
that  Hus  Li  cuiiiistor  stays  clamped  in  its  saturation  state  for  the  worst  load 
conditions.  Renee,  an  obvious  parameter  which  the  circuit  designer  must 
control  is  the  digital  current  amplif ication  of  the  saturated  transistor, 
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defined  as 


Ai  = 


I  /  It> 
c'  B 


(1) 


It  is  essential  that  A.,  never  exceed  the  minimum  low  frequency  amplification 
factor  of  the  transistor  in  the  conduction  state  of  the  circuit.  If  the 
current  flowing  through  each  logic  diode  is  denoted  by  1^,  then  the  maximum 
load  which  the  transistor  will  have  to  supply  to  its  fan-out.  branches  is 


I  =  n.  n  I0 
o  1  o  S 


(2) 


It  is  interesting  to  note  from  Equation  2  tliat  high  fan-in  and  high  fan-out 
requirements  impose  potentially  severe  loading  conditions  on  the  transistors. 


The  next  step  in  the  analytical  procedure  is  to  derive  the  digital 
current  amplification  in  terms  of  the  circuit  parameters  for  the  equivalent 
circuit  shown  in  Figure  27a.  Thus: 


Ai  = 


^ni  no  Xs^  ^Rn  +  ^ 
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Since  is  an  important  design  variable,  it  ic  desirable  to  investi¬ 
gate  Equation  5  more ^losely  in  order  to  determine  whether  or  not  other 
design  parameters  are  inherent  in  the  expression.  It  can  be  seen  that 
Equation  3  way  be  written  as  follows: 

(r^V)  6  +  w 


where 


(5a) 


The  current  ratio  defined  as  y  way  be  considered  as  a  current  efficiency 
measure  since  it  represents  the  amount  of  drive  current  required  from  the 
source  in  order  to  supply  the  output  load  current,  Iq.  Since  y  involves 
resistors  and  ly  vhich  tire  important  in  determining  Ig  during  the  non¬ 
conducting  state  of  the  circuit,  it  may  be  expected  that  y  will  figure 
prominently  as  a  design  parameter  for  the  non-conducting  state  of  the  circuit 
as  well  as  for  the  conducting  state.  The  current  ratio,  a,  is  a  fraction  of 
the  logic  current  which  must  be  supplied  to  the  nominal  load  resistor  R  . 

Lf 

The  current  1^  performs  nc>  useful  work  as  far  as  the  static  circuit  require¬ 
ments  arc  concerned  but  is  important  in  speed  considerations  as  well  as 
possible  saturation  control  of  the  circuit.  The  current  ratio  \|r  is  particu¬ 
larly  important  since  it  figures  prominently  in  the  stability  of  the  circuit 
during  transistor  conduction.  For  example,  differentiating  Equation  4  leads 
to  the  following  digital  current  amplification  variation: 


(?)  *  (&)(¥)  >  (&)  (?) 


The  variational  terms  fnvclving  y,  o  and  ♦  in  Equation  6  can  be  written  as 
worst-case  variations  involving  tolerances  on  the  resistors  and  battery 
supplies.  If  this  is  done,  it  can  be  shown  that  the  worst-case  digital 
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current  amplification  variation  is: 


(T) 


In  Equation  7,  dp  is  the  percent  variation  in  resistor  values  while  is 
the  percent  variation  of  the  power  supplies..  Hence,  it  is  apparent  that 
under  worst-case  deviations,  the  digital  current  amplification  factor  is 
most  sensitive  to  the  current  ratio  given  by  4'  in  Equation  5c.  For 
example,  if  t  were  equal  to  one-third,  the  worst-case  variations  in 
resistors  and  power  supplies  will  be  multiplied  by  a  factor  of  two  when 
reflected  in  the  variation  of  the  digital  current  amplification. 


In  view  of  the  foregoing  discussion,  it  seems  desirable  to  establish 
a  conducting  state  equation  relating  A^  to  y  with  a  and  ^  as  constraint 
parameters.  The  resulting  conducting  state  plane  is  illustrated  in  Figure  28. 

and  y  are  linearly  related  if  a  and  are  considered  design  parameters. 
The  minimum  value  of  both  o  and  ♦  is  equal  to  zero  and  consequently  a 
straight  line  of  45°  slope  between  A^  and  y  represents  one  boundary  of  the 
design  region.  A  maximum  value  of  t  may  be  specified  by  the  circuit  de¬ 
signer  based  upon  bias  stability  considerations  as  given  by  Equation  7.  A 
maximum  value  of  a  may  also  be  assigned  based  primarily  upon  speed  considera¬ 
tions.  Thus,  a  second  straight  line  relating  A^  to  y  may  be  obtained  repre¬ 
senting  an  upper  boundary  for  the  design  region.  A  constraining  condition 
on  the  digital  current  amplification,  which  insures  transistor  saturation 
under  maximum  load,  is  that  A^  must  be  less  than  the  minimum  value  of  the 
low  frequency  current  amplification  factor  of  the  transistor.  This  condition 
imposes  a  third  boundary  on  the  design  region.  It  can  also  be  shown  that  for 
design  reelizabl 1  iry .  +>>0  value  of  y  must  exceed  the  fan-out  factor  n 

o 

multiplied  by  (l  -  if  ).  This  realizability  constraint  imposes  a  fourth 
boundary  on  the  design  region  and  encloses  the  area  given  by  ABCD  in 
Figure  28.  However,  further  constraints  are  usually  necessary.  For 
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example,  ncise  considerations  nay  dictate  a  minimum  saturation  margin  which 
would  further  reduce  the  allowable  digital  current  amplification.  Applying 
the  saturation  margin  constraint  to  the  design  plane  results  in  a  reduction 
in  the  design  region  shown  in  Figure  28  from  the  original  area  to  a  new  area 
denoted  by  A 'BC'D.'  In  addition,  it  is  desirable  to  impose  tolerance  constraints 
on  the  circuit  design.  It  is  necessary,  for  example,  that  the  saturation 
margin  condition  be  met  despite  variations  in  resistor  and  battery  values. 
Applying  Equation  Y  to  the  conduction  plane  of  Figure  28  results  in  further 
narrowing  of  the  design  region  to  the  new  area  given  by  A"BC"D.  If  these 
are  all  the  constraints  that  are  applied  to  the  conduction  state  of  the  circuit, 
the  final  design  region  for  the  conduction  state  will  be  given  by  the  area 
A"BC"D.  If  the  circuit  designer  selects  specific  values  for  o  and  %  the 
design  region  will  be  reduced  from  an  area  to  a  line  within  the  design  region. 

In  any  event,  an  infinite  number  of  designs  will  theoretically  satisfy  the 
conduction  state  requirements. 

The  remaining  problem  in  the  design  of  the  NOR  gate  is  to  derive  a 
similar  design  region  for  the  non-conducting  state  of  the  circuit  which  may 
be  referenced  to  the  design  region  of  the  conducting  state. 

Non-Conduction  State  Parameters 

When  the  transistor  is  in  the  cutoff  condition,  current  1^  flows 
through  the  logic  load  of  the  preceeding  gate.  Consequently,  the  non¬ 
conducting  state  of  the  circuit  determines  the  value  of  Ic.  The  value  of  I 

s  s 

will  generally  be  selected  on  the  basis  of  the  diode  properties  as  well  as 

from  speed  considerations.  Thus,  I  is  one  of  the  design  parameters  which 

b 

should  be  initially  selected  and  it  is  important  to  derive  the  value  of  I 

O 

in  terms  of  the  equivalent  circuit  illustrated  in  Figure  27b.  Hence, 
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Figure  23.  Desirn  Region  for  Conducting  State 


Another  important  design  parameter  in  the  non-conducting  state  of  the  circuit 

is  the  value  of  the  base  to  emitter  voltage  of  the  transistor.  The  base  to 

emitter  voltage  in  the  non-conducting  state  will  be  denoted  by  V__.  The  bias 

■Drift 

battery  E_  insures  that  the  transistor  will  remain  cutoff  despite  the  leakage 
current,  I  ,  and  provides  a  threshold  margin  which  may  be  used  to  insure 
transistor  cutoff  despite  circuit  noise.  It  is  important,  therefore,  to 
calculate  the  value  of  V__  in  terms  of  the  equivalent  circuit  in  Figure  27b* 
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Equations  8  and  9  fully  describe  the  d-c  conditions  of  the  NOR  gate  in  its 
non-conducting  state.  The  design  problem  is  now  to  relate  Equations  8  and  9 
to  Equation  4  such  that  one  of  the  design  parameters  of  Equation  4  is  explicit 
in  both  Equations  8  and  9*  In  order  to  confine  tne  problem  to  a  three- 
dimensional  space,  it  would  also  be  desirable  to  combine  Equations  8  and  9  so 
that  only  one  additional  design  parameter  is  added  to  Ai  and  y.  A  fairly 
unwieldy  expression  can  be  avoided  if  the  following  inequality  is  satisfied: 


V1V_ZCES\ 
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(10) 


It  should  be  recognized  that  the  left-hand  side  of  inequality  10  is  the  ratio 
of  the  current  supplied  by  Eg  to  the  current  supplied  by  comprising  the 
signal  current  ni  Ig  (see  Figure  27b.  If  the  resistors  R^  and  R0  properly 
isolate  the  input  diodes  from  the  base  bias  supply  of  the  transistor,  then 
inequality  10  ally  should  be  satisfied.  Hence,  I  may  be  approximated 

by: 
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Substituting  Equation  11  into  Equations  5&  and  5c'  and  solving  for  the  ratio 
of  Ry.  to  R^  and  the  resistance  value  R^  results  in 
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Equations  12  and  13  may  no^  be  substituted  into  Equation  9  in  order  to  obtain 

an  expression  of  VL_  involving  design  parameters  that  were  used  to  determine 

the  conducting  state  of  the  circuit.  It  is  convenient  to  define  several  ratios 

of  currents  arid  voltages  prior  to  writing  the  new  equation  for  Thus, 
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(  "i  “o  TS  ) 

~  VD  "  VCES 
ED  "  VBES 

~  VB5S 
+  VBES 
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"  VBES  A 
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The  base  to  emitter  voltage  can  then  be  written  as  fellows: 


BEE 


V  +  V 
D  CSS 


A  m 
=  ^  = 


!  +  (r  -  no  3X)  (ylBg  B3) 
1  +  (r  -  no  B1)  (±r  B2) 


(15) 


If  the  ratio  V^—  to  (VT  V_  defined  as  T,.  in  Equation  15,  is  selected 
as  a  dependent  variable  of  the  non-conducting  state  design  equation  and  y 
is  selected  as  the  independent  variable,  a  relationship  is  established  which 
allows  constraint  conditions  to  be  mapped  out  in  the  non-conducting  plane 
vhich  can  then  be  related  to  the  conducting  plane  in  a  thi’ee-dimensional 
space  given  by  the  co-ordinates  y,  A_^  and  Ty.  Establishing  the  constraint 
conditions  for  the  non-conducting  state,  or  the  Ty  -  y  plane,  is  the  next 
problem. 


In  order  to  determine  the  design  region  in  the  non-conducting  plane, 
it  is  best  to  start,  by  considering  the  absolute  maximum  allowable  base  to 
emitter  voltage  for  fhc^ cutoff  transistor.  This  potential  is  generally 
referred  to  as  the  t'iu*eshold  voltage,  vis.,  the  voltage  below  which  the  tran¬ 
sistor  is  considered  cut  off  and  above  which  the  transistor  is  considered  in 
a  state  of  semi-  or  full-conduction.  Denoting  the  threshold  voltage  by  V  , 
the  ratio  of  VRTy.  to  (V^  +  VCES)  establishes  the  upper  bound  of  Ty.  In 
general,  however,  it  is  not  tolerable  to  allow  the  base-to-emitter  bias 
voltage  to  reach  the  threshold  point.  Consequently,  a  threshold  margin  is 
specified  which  in  fact  provides  the  maximum  allowable  value  of  Ty.  This 
upper  bound  is  illustrated  b/  the  line  F'  -  F'  in  Figure  29- 

The  lower  bound  for  Ty  as  a  function  of  y  may  be  calculated  from 
Equation  15  by  using  the  maximum  value  of  \|f  as  determined  for  stability 
considerations  relating  to  Equation  7. 

A  minimum  value  of  y  can  be  established  from  Equation  13  by  noting 
that  must  always  be  positive.  In  addition,  it  is  apparent  from  Equation  4 
that  y  must  always  be  less  than  the  minimum  current  amplification  factor  of 


Tv 


Figure  99.  Design  Region  for  Non-conducting  State 
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the  transistor,  au,,,.  Consequently,  upner  and  lower  bounds  may  readily  be 
established  for  y  in  the  Tv  -  y  design  plane.  Thus,  an  area  is  enclosed 
mapping  out  the  permissible  design  region  for  the  non-conducting  state  of 
the  Nana  circuit. 

This  design  region  nay  be  further  constrained  by  applying  resistor 
and  voltage  supply  tolerance  considerations  to  Equation  15-  Study  of  the 
tolerance  problem  shows  that  the  worst  case  deviations  of  resistors  and 
battery  supplies  assumed  for  the  conducting  state  of  the  circuit  happens  to 
be  a  favorable  type  of  deviation  for  the  non-conducting  state  insofar  as  the 
deviations  increase  the  threshold  margin.  However,  if  a  designer  wants  to 
be  ultra  conservative,  it  is  readily  shewn  that  the  lower  bound  of  T,^  may 
he  further  constrained  by  assuming  a  worst  case  deviation  in  resistors  and 
batteries  leading  to  a  percent  variation  in  T^  given  by 


1  +  VV 


(16) 


This  tolerance  condition  further  narrows  the  design  region  in  the  non¬ 
conducting  plane  as  illustrated  in  Figure  29-  The  final  design  region  shown 
in  Figure  29  encompasses  those  circuit  designs  which  meet  the  requirements 

of  the  Nand  gate  in  its  non-conducting  state. 

/ 

Complete  Static  Design 

The  static  design  for  the  NOR  circuit  of  Figure  2-*  can  now  be 
undertaken  simultaneously  for  the  conducting  and  non-conducting  states  of 
the  circuit.  The  procedure  is  as  follows.  First,  the  design  region  for 
the  conducting  state  of  the  circuit  is  mapped  as  illustrated  in  Figure  28. 
Second,  using  y  nc  +v>c  common  independent  variable,  the  design  region  is 
mapped  for  the  non-conducting  state  of  the  circuit,  as  illustrated  in 
Figure  29-  Finally,  theintersection  of  the  two  design  regions  is  deter¬ 
mined  by  finding  the  range  of  y  values  which  lie  in  both  design  regions. 


The  shaded  areas  of  the  two 


This  procedure  is  illustrated  in  Figure  50. 
design  regions  encompass  those  values  of  A^,  y  and  Ty  which  are  mutually 
compatible  with  the  circuit  specifications  and  various  design  constraints. 

The  specific  design  may  be  narrowed  to  a  single  point  in  the  A^,  y,  Ty 
space  by  imposing  one  or  more  optimizing  criteria.  For  example,  referring 
to  Figure  50  the  design  which  satisfies  the  terminal  requirements  of  the 
circuit  and  is  also  a  minimum  power  design  lies  at  the  point  A"X. 

Once  allowable  design  regions  have  been  established  for  the  con¬ 
ducting  and  non-conducting  states  of  the  circuit,  a  fabricated  circuit  can 
readily  be  tested  to  determine  whether  or  not  it  meets  terminal  requirements 
by  measuring  its  A^,  y  and  Ty  in  order  to  det-ermine  whether  or  not  it  falls 
within  the  shaded  regions  of  the  design  space  shown  in  Figure  50.  Since 
two  of  the  co-ordinates  are  current  ratios  while  one  co-ordinate  is  a  voltage 
ratio,  six  terminal  measurements  are  required  to  determine  circuit  accept¬ 
ability.  Thus,  the  design  procedure  described  above  may  be  used  in  reverse 
to  check  circuits  against  terminal  specifications. 

Analytic  Procedure 

It  may  sometimes  be  desirable  to  use  an  analytic  procedure 
directly  for  the  design  of  the  NOR  gate  rather  than  the  graphical  procedure 
illustrated  in  Figure  50.  A  procedure  for  such  an  analytical  design  is 
outlined  in  Table  I,  './here  seme  of  the  graphical  steps  have  been  reduced 
directly  to  analytic  form.  An  example  of  a  circuit  design  according  to  the 

procedure  outlined  in  Tabic  I  is  given  in  lUble  II. 

/ 

Power  Considerations 

It  is  of  interest  to  analyze  the  power  requirements  of  the  NOR 
gate  shown  in  Figure  50  in  order  to  determine  what  circuit  parameters  and 
design  variables  contrioute  most  to  power  dissipation.  For  the  conducting 
state  of  the  circuit,  the  power  dissipation  is  given  by 

PC  =  ^  1K  +  EB  IP  ECC  IL  +  I0  VCES 


(17) 


TABLE  I 


Synthesis  Procedure  -  NOR  Gate_ 


1. )  Given : 

(a)  System  Specifications:  Eg,  Eg,  Ecc,  n±,  nQ, 

(h)  Device  Properties:  0^  ICB0  MAX'  VBES’  VCES*  V  R 


Select:  Ig, 

t  ,  0 

Calculate : 

B  .  ,  \ 

(a)  Bx  = 

En  "  VD  ‘  VCES 

(c) 

ED  "  VBES 

3  VD  +  VCES 

(b)  B2  = 

"  VBES 
^  +  VBES 

(d) 

(  ICB0  MAX 
^  \ni  no  XS 

EP  ~  VBES 
+  VCES 


4.)  Derive  r  &s  function  of  Ty*. 

(a)  If  Bj_  <  <  */^  B3  n( 


n„  ♦  B,  Bg  (B,  *  ly) 

T  B,  B  -  I,  l  1  *  »2  *> 


(b)  If  is  not  negligible,  solve: 

1  -  f  b2  B3  -  n0  \  \  -  (  1  +  +  B2} 


2  /  1  \ 
T  +Xth) 


no  ♦ 


(h 


B„ 


V  ^ 


(B3  -  Ty)  =  0 
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TABLE  I  (Continued) 

Synthesis  Procedure  -  NOR  Gate 


5. )  Select  Ty  s 6  that: 

MIN _ _  > 

6. )  Calculate  y  from  (4)  and  (5)- 

7. )  Calculate  resistor  values: 


rd  = 

^  "  VD  ’  VCES 

(a) 

w 

M 

•H 

C 

1 

(b> 

II 

oF 

^  "  VDES 
nl  no  h 

rH 

0 

c 

1 

V* 

(c) 

75-  N  + 

V 

(d) 

EC0  -  VCES 

0  ni  n0  h 

\ 
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TABLE  II 


Design  Example 


1.)  Given:  Ecc  =  Ep  =  3  v.,  Efi  =  3  v.,  n±  =  5,  nc  =  \  =  t  10^ 

“eO  ICN  =  ICBO  MAX  =  0,1  ^  VBES  =  VD  =  °*T  V*  * 

vces  =  0-3v-  %  =  +-10* 


2.)  Select:  Ig  =  0.5  nia,  ♦  =  0.5, 


a  =  0.2 


3.)  Calculate : 


(a)  B.  =  3-  0.-T-~-Q-3  =  0>8T 

J-  3  -  0.7 


(b)  B2  =  7~7T~  =  0,62 

2  3  +  0.7 


(c)  B,  - - 2 - -  3 

3  0.7  +  0.3 


(d, 

^  Uo-2A0.7  +  0.; 


2-3 


4.)  Since  2.3  x  10"5  <  < 


0.5 


(.62)  (35  4 


(a)  r  = 


(4)  (0.5)  (0.87)  (0.62)  (3  +  Ty) 


1  -  (0.5  (0.62)  (3)  -  ^  [l  +  (0.62)  (0.5)  ~ 


r  = 


(1.08)  (3  +  Ty) 

0.7  -  1.31  T,. 


✓ 


x  10 
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Equation  17  can  be  written  in  terras  of  the  design  variables  and  design 
parameters  used  in  the  analysis  described  above  as  follows: 


PC  =  ("i  "o  TS  ECC> 


+ 


1  +  0 

A"  rr-'  T7 


(18) 


It  is  apparent  from  Equation  l8  that  a  minimum  power  design  would  require 
low  values  of  a  and  vjr  and  high  values  of  the  digital  cvirrent  amplification. 
For  o  and  equal  to  zer tf,  the  circuit  power  dissipation  in  the  conducting 
state  would  be 


PC  MIN 


n 

o 


I 


S 


~cc 


) 


(19) 


Analysis  of  the  power  dissipation  of  the  circuit  in  its  non-conducting 
state  can  similarly  be  made  whereby  it  can  be  shown  that  the  minimum  power 
dissipation  for  the  non-conducting  state  is 


PN  MIN  =  ni  IS  ED 


(20) 


Here  again  it  has  been  assumed  that  a  and  i|»  are  equal  to  zero.  If  the  circuit 
is  operated  on  a  50$  duty  cycle  between  conducting  and  non-conducting  states, 
the  average  minimum  power  dissipation  would  be 


PKIN 


fsiccj 


n.  n 
i  o 


ni  no  VCES 


+ 


(21) 


So 


It  can  be  seen  from  Equation  21  that  the  product  of  the  fan-la  and  fan-out 
factors  can  greatly  Influence  the  power  dissipation  of  the  circuit  unless 
transistors  having  low  collector  to  emitter  saturation  voltages  are  used 

nnl  ■uric:*'  current  amplification  of  the  transistors  Is  kept  high* 

The  very  minimum  power  dissipation  possible  for  ideal  transistors  would  De 

just  equal  to  one-half  of  the  fan-in  factor  times  the  diode  load  current  I_ 

s 

the*  battery  supply  E ......  Since  I  is  usually  selected  on  the  basis  of 

to  b 

.■".ptevi  :.m  t  itmut:  const  U'i  i’ll  ions,  ...  I  %  s  apparent  !  hut.  wi  th  i  dcrl  dev toe? , 
onl>  srpend  mid  noise  dictate  the  minimum  power  level  of  the  circuit  uperul  Ion. 
However,  ns  stabilization  considerations  arc  Introduced  in  the  circuit  design, 
such  as  the  variation  of  as  a  fur, it  lion  of  the  temperature  and  operating 
point.,  transistor  leakage*  current,  component  tolerances,  etc.,  the  minimum 
power  dissipation  may  go  up  considerably.  Tills  should  be  particularly 
reeognl *od  by  circuit  designers  who  tend  to  over-design  with  worst  case 
procedures. 


B.  OPTIMUM  TOLERANCE  SELECTION 


This  section  describes  work  done  in  connection  with  techniques  for 
the  selection  of  optimum  component  tolerance  in  circuit  design.  It  has  been 
postulated  that  an  optimum  tolerance  point  exists  for  components  of*a  circuit 
which  yields  a  maximum  value  of  reliability  for  either  catastrophic  or  drift 
failures.  The  problem  is  to  determine  the  optimum  tolerance  point  for  maxi¬ 
mizing  specific  circuit  designs.  Conventional  "worst  case"  design  techniques 
and  statistical  design  techniques  are  discussed  briefly  in  order  to  provide 
background  for  the  material  which  follows . 

1 .  Definitions 

For  purpose  of  classification,  some  basic  definitions  are  made. 
However,  a  general  background  in  probability  theory  is  assumed  in  the  sub¬ 
sequent  report . 

1.1  Catastrophic  Failure 

Catastrophic  failure  is  "open"  or  "short"  of  any  circuit  component. 
Further,  assume  that  fcf£  a  non-redundant  circuit  (or  system)  consisting  of  n 
components,  the  probability  of  catastrophic  failure  is  given  by: 

P(c)  =  1  -  (1  -  Px)  (1  -  P2)  .  .  .  .  (1  -  Pn) 

=  1  -TT  (1  -  P  ) 

i=l  1 

(where  i  =  1,2,  .  .  .  ,  n  are  the  respective  catastrophic  failure  probabil¬ 
ities  of  the  components) .  That  is  to  say,  the  circuit  (or  system)  fails  if  one 
or  more  component  fails  catastrophically.  Notice  the  occurrence  of  such  fail¬ 
ures  are  usually  random  in  nature.  This  leads  to  the  assumption  of  constant 
failure  rate  with  respect  to  time.  This  rate,  however,  is  a  function  of  both 
ambient  temperature  and  electrical  stress. 

1.2  Drift  Failure 

Drift  failure  of  a  circuit  Ib  defined  here  as  the  failure  to  meet  all 
circuit  specifications  (power  gain,  voltage/current  level,  stability,  etc.)  due 
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to  variations  in  component  (resistors,  pover  supplies,  transistor  parameters) 
values  from  their  nominal  values.  Usually,  the  circuit  performance  functions 
y  ,  y^,  y  are  specified  in  terns  of  inequalities  such  as: 


y,  >  A 


B  >  y  >  C  etc  . 

An  illustration  of  the  probability  of  drift  failure,  P(y^)  versus  the  variable 
y  ,  is  shown  in  Figure  pi. 

Hence,  if  one  or  more  specification  limits  is  exceeded  due  to  com¬ 
ponent.  drift,  the  circuit  has  failed  by  definition.  The  probability  of  a 
particular  specification  exceeding  its  limit  may  be  easily  calc  via ted  -once  the 
probability  density  function  of  the  performance  function  is  known. 


Figure  pi.  Probability  of  Drift  Failure  Curve  (Specificiation  y^  >  A) 

The  method  for  obtaining  the  probability  density  functions  of  cir¬ 
cuit  performance  functions  (or  more  directly,  the  calculation  of  drift  failure 
in  terms  of  given  component  probability  density  functions  will  be  discussed 
in  a  later  section.  However,  it  should  be  noted  here  that  the  probability  of 
drift  failure  of  a  given  circuit  is  given  by  one  minus  the  probability  that 
all  the  specifications  are  met. 


1 .3  Component  Probabili 


Density  ^unctions 


Any  circuit-  component  is  subject  to  an  initial  manfacture  tolerance, 
i.e.,  before  any  component  is  put  into  actual  use,  its  initial  value  is  des¬ 
cribed  by  an  initial  probability  density  function.  This  may  vary  from  a  gaussian 
form  to  some  non -mathematically  expressible  curve.  After  the  component  with  a 
predetermined  initial  value  is  put  into  actual  use,  the  value  of  this  component 
will  again  vary  with  time  and  under  various  operating  environments.  This  varia¬ 
tion  may  also  be  described  by  a  'ther  probability  density  function,  the  shape 
of  which  depends  both  on  the  particular  component  in  question  and  the  particular 
environment  it  is  subject  U,  during  the  operating  interval  of  the  circuit.  It 
is  thus  important  to  distinguish  the  two  types  of  component  density  functions. 

The  former  may  be  made  to  approach  an  impulse  function  by  tightening  the  manu¬ 
facturer's  tolerance,  however,  the  latter  is  unavoidable.  For  the  purpose  of 
this  study,  the  component  probability  density  function  is  talcen  to  include  both 
the  above  independent  effects. 

1 . ^  Worst  Case  Design 

Worst  case  design  means  that  the  circuit  (or  system)  is  designed  in 
such  a  way  that  it  should  still  operate  (i.e.,  all  specifications  are  satis¬ 
fied)  even  under  the  "worst  possible"  combination  of  circuit  component  values. 

For  purpose  of  illustration,  the  relay  circuit  in  Figure  52  is  used  as  an 
example . 

R  _ 


Figure  52.-  Relay  Circuit 

The  only  specification  of  the  circuit  is  that  the  current  I  should 
exceed  some  threshold  value  Iq  in  order  for  the  relay  to  operate.  Hence,  if 


Ol. 


given  a  battery  with  nominal  value  E^  and  maximum  possible  variation  +  dE  ($) 
from  this  value  within  the  life  time  of  the  circuit,  and  also  given  +  dR  ($) 
as  the  maximum  possible  variation  of  any  resistor  from  its  nominal  value  within 
the  came  life  time,  then  the  resistor  should  be  chosen  such  that  the  following 
holds : 


Tlius  a  "worst  case"  design  essentially  eliminates  the  possibility  of 
circuit  failure  due  to  component  drifts.  Suppose,  in  the  example  above,  the 
given  power  supply  and  any  resistor  are  described  by  the  following  fictitious 
probability  density  functions: 


Figure  33*  Probability  Density  Functions  of  R  and  E 

Then  it  is  obvious  that  a  worst  case  design  would  require  a  choice  of 

E 

alue  such  that  _  _  1  This  choice  eliminates  the  probability 


resistor  value  such  that  „  1 

R  ~  I  (1+dR 
o' 


of  having  I  <  Iq,  hence  the  probability  of  drift  failure  would  be  zero. 
2.  Statistical  Design  of  Circuits 


The  objective  of  designing  circuits  statistically  is  to  utilize  the 
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knowledge  of  known  probability  density  functions  of  circuit  components  to  obtain 
a  set  of  nominal  component  values  which  optimizes  the  circuit  with  respect  to 
certain  given  criteria,  such  as  the  minimization  'of  power  dissipation  for  given 
reliability,  the  maximization  of  reliability  for  a  given  power  level,  or  the 
minimization  of  the  probability  of  catastrophic  -or  drift  failure.  It  should 
be  noted  that  the  optimum  set  of  nominal  component  values  does  not  necessarily 
guarantee  worst  case  proof.  One  starts  by  picking  randomly  a  set  of  nominal 
values  for  the  various  components  needed  in  the  circuit.  The  values  may  be 
picked  anywhere  from  zero  to  infinity  since  no  a-priori  knowledge  is  assumed  for 
the  range  of  interest.  Once  the  set  of  nominal  values  is  chosen  a  statistical 
analysis  is  made  on  the  basis  of  the  required  criteria  using  the  knowledge  of 
the  given  probability  density  functions  of  the  components.  Another  set  of 
nominal  values  is  then  picked.  Notice  this  choice  should  be  independent  of 
the  previous,  i.e.,  one  is  just  as  random  as  the  other  and  similarly  an  anal¬ 
ysis  is  made  to  test  the  required  criteria.  This  process  of  random  picking 
and  analyzing  may  go  on  many  times  to  insure  the  result  is  within  a  certain  con¬ 
fidence  limit.  The  set  of  nominal  values  which  meets  the  required  criteria 
with  the  maximum  probability  is  thus  the  optimum  set.  Hence,  a  true  statistical 
design  is,  in  a  sense,  a  random  process  which  yields  an  optimum  set  of  nominal 
values  as  a  final  answer. 

In  the  present  study  of  optimum  tolerance  design  the  optimum  set  of 
nominal  values  should  correspond  to  a  particular  set  of  component  design  toler¬ 
ance.  lienee,  the  random  approach  of  otatiatical  design  In  no  longer  appll  cable , 
In  order  to  resolve  the  problem,  a  compromise  between  the  "worst  case"  design 
method  and  the  statistical  design  procedure  is  utilized.  The  detailed  method 
employed  in  the  present  study  is  described  in  a  later  section. 

Since  the  "random  picking"  of  component  values  is  no  longer  compatible 
with  the  present  problem^  the  components  must  be  chosen  in  a  systematic  manner 
with  tolerance  as  a  variable  of  design.  In  fact,  the  "worst  case"  equations 
are  used  in  synthesizinc  the  circuit  with  the  selection  of  design  tolerances 
less  than  the  maximum  possible  component  tolerance.  That  is  to  say,  given  the 
maximum  possible  drift,  +  AX,  which  shall  be  referred  to  as  fixed  tolerance 
of  the  component  X,  the  circuit  should  be  synthesized  with  the  worst  case 


equations  but  with  design  tolerance,  dX,  a  variable  of  design  less  than  M . 

2.1  Drift  Failure 

From  the  definition  of  drift  failure  it  is  clear  that  one  may  obtain 
the  probability  of  drift  failure  from  the  probability  density  functions  of 
the  various  circuit  performance  functions  (y) .  If  the  equations  of  analysis 
are  given  together  with  the  component  density  functions,  the  problems  may  be 
stated  mathematically  as  follows;  given  a  set  of  equations 


yi 


=  f. 

i 


(\>  *2, 


X  )  i  =  1,  2  .  .  .  .  m. 
n  5 


and  the  probability  density  functions  of  the  X's,  how  does  one  obtain  the  prob¬ 
ability  density  functions,  P(y^),  P(y2),  ....  PCy^)?  Or  more  directly,  how 
does  one  obtain  the  probability  that  all  the  specifications  are  met? 

2 .2  The  Monte  Carlo  Method 

With  the  aid  of  a  computer,  the  equations  of  the  analysis  may  be  solved 
many  times  by  picking  the  component  values  according  to  the  respective  com¬ 
ponent  density  functions.  (See  Appendix  B-3)  The  number  of  times  that  one  or 
more  performance  functions  fail  to  meet  the  specifications  divided  by  the 
total  number  of  trials  corresponds  to  the  probability  of  drift  failure.  Statis 
tically,  the  accuracy  of  the  result  increases  as  the  number  of  trials  increases 
This  method  has  many  advantages  over  the  analytical  methods.  First,  the  appli¬ 
cability  of  the  method  is  independent  of  the  types  of  the  component  density 
functions.  Secondly,  the  drift  failure  probability  may  be  obtained  directly 
without  first  solving  for  the  probability  density  functions  of  the  performance 
functions.  Furthermore,  the  correlation  between  the  various  performance 
functions  are  taken  into  account  automatically.  Hence,  for  relatively  complex 
circuits  vhere  more  than  one  performance  function  is  specified,  the  Monte  Carlo 
method  is  useful  in  calculating  the  drift  failure  probabilities. 


.  3  uauasuropinc  j-aiAvire 

The  probability  of  circuit  catastrophic  failure  may  be  determined  on 
the  basis  of  currently  available  data  on  component  catastrophic  failure  rates. 
These  data  arc  usually  given  as  a  function  of  both  ambient  temperature  and 


electrical  stress  level  (power  dissipation).  Since  the  temperature  requirement 
of  a  circuit  is  often  specified,  one  needs  only  to  calculate  the  power  being 
dissipated  in  each  component . 

3 •  Numerical  Results 

✓ 

The  results  presented  here  are  obtained  by  utilizing  the  model  presented 
in  Appendix  B-l  together  with  the  material  of  Appendices  B-2  and.  B-3-  A  second 
method  for  selecting  optimum  tolerances  to  maximize  reliability  for  which  numeri¬ 
cal  results  nave  not  been  obtained  is  presented  in  the  material  of  Appendix  B-U. 

It  is  pointed  out  that  the  model  of  Appendix  B-H  would  be  quite  useful  provided 
that  types  of  data  indicated  were  available. 

3*1  Worst  Case  Circuit  Design 

The  circuit  shown  in  Figure  3^  has  been  used  in  the  analysis.  The  circuit 
component  values  for  the  static  condition  have  been  synthesized  with  worst  case 
equations  on  a  computer  (see  Appendix  B-2)  The  specifications  utilized  in  the 
synthesis  are  given  in  Table  III„ 

The  results  of  the  static  design  synthesis  are  given  in  Table  IV-  In 
Table  II  are  shown  the  nominal  values  of  resistance  corresponding  to  various 
values  of  tolerance.  It  is  pointed  out  that  the  supply  voltages,  E  and  E  , 
were  allowed  to  deviate  by  the  specified  tolerance.  For  example,  E^  and  E^  were 
allowed  to  deviate  +  5$  from  their  nominal  values  given  in  Table  I  in  design  of 
the  circuit  corresponding  to  +  5$  tolerance.  Transistor  parameter  values  were 
treated  as  constants  in  the  design  procedure. 

Figure 3 3  shows  power  dissipation  versus  per  cent  tolerance.  Note 
that  the  power  dissipation  increases  very  rapidly,  almost  exponentially,  with 
increasing  tolerance. 

3-2  Probability  of  Non  Drift  Failure 

The  probability  of  non  drift  failure,  P(D),  for  the  four  circuits  was 
computed  by  utilizing  the  procedures  and  the  computer  program  described  in 
Appendix  B-3.  The  four  circuits  were  tested  with  11  distributions  to  +  3($) 
with  a  sample  size  of  1600.  These  data  are  plotted  in  Figure  36. 
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Figure  3^  •  Saturating  Base  Returned  Flip-flop  Configuration 
(The  dotted  lines  show  a  single  point  triggering  system.) 


TABLE  III 


DATA  (CONSTANTS  AND  SPECIFICATIONS)  FOR  THE  COMPUTER  PROGRAM 


1.  I  vs.  S 
c 


2.  E  =  6  Volts 

c 

3.  Eg  =  2  Volts 

4.  V  =  3.5  Volts 

5  V  =0.2  Volts 
'  2 

6.  V,  =  0.5  Volts 

3 

7.  VA  =  0.2  Volts 

8.  ID  =  2.5  x  10"6  Amp  (At  85°C) 

9.  I.  =  1.5602  X  10"6  Amp  (At  20*C) 

10.  I100  =  I2  =  57  x  10"6  Amp 

on  on  g 

11.  I  =  I  =  57  X  10  Amp 

off  2off 

12.  T  =  85°C 

A 

13.  TR  =  25°C 

14.  K  »  0.3“C/MW 


2N335 

[c(MA) 


0.1 

0.5 

44 

53 

0.6 

54 

0.7 

55 

0.8 

55 

0.9 

56.  . 

1.0 

56 

1.5 

55 

2.0 

54 

3.0 

51 

4.0 

46 

SEE  APPENDIX  B-l  FOR  DEFINITIONS 


TABLE  17 


NOMINAL  CIRCUIT  RESISTANCE  VALUES 


+ 

Tolerance 

R! 

rb 

0 

28  '3&0 

28  -)80 

L  98  200 

140  200 

5# 

21  7'10 

21  7!'0 

94  520 

JO'7;  800 

10# 

14  480 

l4  480 

• 

55  550 

()1  LOO 

15# 

1  290 

1  290 

•5  302 

4  605 

40 


0  5%  10%  15% 


PERCENT  TOLERANCE 

Power  Dissipation  vs.  Percont  Tolerance 


J2 


Figure  y > 


TdA»V»^4  T0 


<ci«*i  uninj  i^va  -not  to  unnicia^ 
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Probability  of  Non-drift  vs.  Tennerature  Ran? 


Figure^  shows  the  probability  of  non-drift  failure  vs  temperature 
range  or  tolerance.  Note  that  all  of  the  circuits  have  P(D)  =  1  for  or 
0  tolerance.  Moreover,  all  of  the  circuits  have  P(D)  =  1  when  tested  with 
component  distributions  that  do  not  deviate  more  than  the  initial  circuit 
design  tolerance.  Thus,  the  values  Tq>  .  .  . ,  at  the  top  of  the  graph 
indicate  that  a  circuit  is  designed  to  hold  up  to  the  value  of  T^  indicated; 
the  circuit  designed  for  has  P(D)  =  1  up  to  while  the  circuit 

designed  for  has  P(D)  =  1  for  T^,  T^,  and  . 

3*3  Component  Selection 

As  stated,  the  curves  of  Figure  36  indicate  the  probability  of  non¬ 
drift  failure  for  the  four  worst  case  designed  circuits  when  they  are  tested  by 
a  variety  of  component  distributions.  It  was  seen  that  the  maximum  reliabil¬ 
ity  is  attained  for  any  of  the  circuits  provided  that  the  component  tolerance 
values  are  less  than  or  equal  to  the  initial  circuit  design  tolerance.  Tlius, 
the  question  of  optimum  tolerance  remains  up  to  this  point  unanswered.  We 
answer  this  question  in  the  material  which  follows. 

Figure 37  shows^four  different  types  of  typical  component  distributions 
where  only  positive  tolerance  values  are  shown  in  the  Figure.  -Note  that  the 
best  components  are  sold  by  Vendor  A  with  a  tolerance  of  +  2$  at  20°C  with 
temperature  dependence  of  the  type  A  components  given  as  0.05$/°C.  The  worst 
components  are  sold  by  Vendor  D  with  a  tolerance  of  +  15$  at  20°C  with  the 
temperature  dependence  of  the  type  D  components  given  as  0.1$/°C.  It  is  also 
pointed  out  that  the  cost  of  producing  type  A  components  is  much  greater  than 
type  B,  C  and  D  components . 

Figures  3^  3&  and  57  are  used  to  construct  Table  V.  In  Table  V  we 
note  further  the  superior  quality  of  type  A  components.  It  is  seen  that  if 
type  A  components  are  used  in  the  5*  circuit,  the  circuit  will  function  with 
P(D)  =  1  from  20°C  to  80°C.  In  the  same  circuit  P(D)  <  1  for  type  C  and  D 
components  while  PCD)  -  I  only  up  to  20 ^  for  the  type  B  components. 

3 .  t  Operating  Temperature 

It  can  be  shown  that  the  natural  temperature  of  a  circuit  can  be 
computed  by  some  expression  similar  to 
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V  IN  MILLIWATTS 
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I 

1 

I 

I 

I 

I 

I 

I 

1 


Circuit  Vendor 


5*  A 

5  B 

5  c 

5  D 

10#  A 

10  B 

10  C 

10  D 


Temperature  range  where  circuit  will  hold  up. 

Corresponding  to  "T^  to  T„" 

aos  to  80“ 

20“  to  20“ 

None 

None 

20“  to  100“ 

20“  to  95° 

20“  to  20“ 

None 


W  in  Watts 

2.O.? 

2.03 

2.03 

2.0.3 

3-1 

3.1 

3-1 

3.1 


15# 

A 

20*  to  280 

15 

B 

20*  to  170 

15 

C 

20*  to  95" 

15 

D 

20“  to  20“ 

35.5 

35.5 

35.5 

35.5 
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Conponent  Distributions  of  Four  Vendors 


T  =  W  .  constant  +  T 
op  o 

where  W  =  power  dissipation 

T  =  reservoir  temnerature 
o 

and  the  constant  is  dependent  on  insulation,  conductivity  or  cooling  arrange¬ 
ment.  The  curves  of  Figure  53  showing  T  vs  T  to  T  have  been  determined 

op  O  X 

through  utilization  of  equation  1,  Table  V  and  Figure  7-  A  typical  point, 
say  (75 ,  65.5 ),  is  determined  as  follows: 

The  point  (75.  65  - 5 )  corresponds  to  the  natural  temperature  of 
vendor  C  type  components  in  a  15$  circuit.  The  abscissa  value,  75..  corres¬ 
ponds  to  the  difference  between  20°C  and  95°C  for  the  type  C  components  in 
the  15$  circuit  as  seen  in  Table  V.  The  ordinate  value  65.5  is  computed  as 

Top  =  35-5  MW  .  1.0°C/MW  +  30°C 
=  65-5°C 

Hie  H50  line  of  Figure 58  corresponds  to  =  T^_  (see  Appendix 

B-l) .  Points  intersecting  the  45°  line  and  to  the  right  correspond  to  P(d)  =  1 
because  they  are  equivalent  to  TQp  <  T^.  Points  to  the  left  of  the  45°  line 
correspond  to  P(D)  <  1.  Moreover,  it  is  noted  from  the  plotted  curves  that 
the  value  of  P(D)  is  a  function  of  the  type  component  used  in  a  circuit,  the 
power  dissipation  the  reservoir  temperature  and  the  cooling  effectiveness, 
noted  by  the  constant  C  of  Figure  38- 

3*5  P(S)  vs  Tolerance  (t  =  0) 

The  previous  information  is  now  used  to  determine  the  probability 
of  success,  P(S).  As  noted  in  Appendix  B-l,  P(S)  =  P(d)  .  e  ^ .  It  is  first 
necessary  to  determine  P(d)  at  t  =  0  corresponding  to  the  particular  value  of 
operating  temperature.  It  was  shown  in  the  previous  section  how  to  determine 
the  operating  temperature  of  a  circuit.  The  operating  temperature  values  and 
Figures  36  and 37  are  used  to  determine  P(D)  at  t  =0.  Table  VI  gives  the  computed 
values  of  T  ,  the  interpolated  values  of  P(D)  at  t  =  0  and  the  failure  rate 
values  ,  corresponding  to  the  natural  temperature. 

A  typical  interpolated  value  of  P(D)  is  obtained  as  follows: 

We  note  that  the  operating  temperature  for  a  type  B  component  in  a  5$  circuit 
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with  C  0 . 5°C/MW  and  TL  -  ?0°C  Is  21°C.  Fr om  Figure  37  the  type  B 

Tteservoir 

component  at  21'V;  1-.  seen  to  te  5-0 6?p.  From  Figure  36  we  note  that  a  5  -06T$ 
component  in  a  %  circuU  lies  between  ?i D)  =  1 .00  and  P(.D)  *  . 3642,  Thus, 
the  Interpolated  value  approximately  P'-.DJ  =  .  996H.- 

Therefore,,  tv  ut lining  the  interpolated  values  of  ?(T>’,  and  the  failure 
rate  values  of  Table  VI,  the  curves  of  j«'t(Turer  39  40.  Hi  were  obtained.  These 
curves  show  clearly  the  toier  mces,  that  is  the  type  component  and  circuit  to 
use  to  maximize  the  reliability  ot  time  t  =  0- 

We  note  that  type  A  components  y’r.ci  maximum  reliability  if  used  In 
either  the  5,  10  or  ]yi  cireu:. t* ..  Typs  5  components  v  id  maximum  reliability 
if  used  jn  the  10  or  151  circuits.  Type  C  components  yield,  maximum  reliability 
only  in  the  15$  circuit.  Whereas  type  f  components  yjeid  poor  reliability  m 
all  of  the  circuits.  Thus,  the  op 1  imam  choice  appears  to  be  type  A  components 
in  the  5$  circuit.  Note,  however,  that  this  choice  is  made  purely  on  the  basis 
of  reliability  and  power  dissipation.  If  cost  is  of  consideration,  tnen  the 
choice  would  be  type  C  components  In  a  1}$  circuit  with  poorer  cooling  corres¬ 
ponding  to  C  =  2°C/MW. 

3 . 6  Probability  of  Success  vs  Time 

Previously,  ve  have  diucuised  the  choice  of  component  tolerances  on 
the  basis  of  the  curves  of  Figures  39  *4)  and  Hi  for  P(S)  at  time  t  -  0.  At  t>0 
the  choice  nwy  be  different  doe  to  the  increase  of  failure  rate  as  a  function 
of  power  dissipation  and  temperature. 

In  Figures  4?,  H3,  HH.  U5.  and  46  ve  show  different  curves  of  P(S)  vs 
time.  It  should  be  noted  in  particular  that  scsneof  these  curves  show  cross 
over  points;  a  curve  starting  at  a  lover  value  of  P(S)  intersects  a  curve 
starting  at  a  higher  value  of  P(S)„  Thus,  of  vital  importance  in  the  selection 
of  component  tolerance  is  the  time  of  operation. 

Figure  H2  shows  P{  S  J  vs  time  for  the  various  type  components  when 
usea  in  a  3$  circuit.  Note  that  the  choice  of  component  type  is  clearly  the 
type  A  components.  In  Figure  45  the  choice  of  component  type  would  be  the  type 
A  or  B  components;  choose  typo  B  components  for  the  10$  circuits  for  coat 
reasons.  In  Figure  44  the  choice  of  component  type  vouldbe  the  type  A,  B,  or  C 
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Figure  45.  Probability  of  Success  vs .  Tine 
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PROBABILITY  OF  SUCCESS  P(S) 
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Figure  kU.  Probability  of  Success  vs.  Time 
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components;  choose  type  C  components  for  the  15$  circuits  for  cost  reasons. 

Figures  45  and  46  yield,  however,  a  different  picture  for  selection 
purposes  note  that  definite  intersections  exist.  These  intersecting  points 
indicate  that  if  it  is  required  to  operate  the  circuits  for  long  periods  of 
time  then  these  intersections  should  be  considered.  Note  that  the  type  D 
components  (c  =  l/2?/MW  and  C  =  1^/MW)  in  the  15$  circuit  have  larger  P(s) 
values  at  t  >  30*000  hr s. and  t  >  54,000  hrs.  than  the  type  A  or  B  components 
at  C  =  2°/MW.  Previously  there  vas  no  indication  in  the  results  to  consider 
the  use  of  type  D  components  for  maximum  reliability.  It  is  evident  that  the 
curves  showing  type  D  components  in  the  15$  circuit  have  a  low  value  of  P(S) 
initially,  P(S)  ~  0.84  to  0.83.  If  one  is  willing  ^c  pay  the  cost  of 
selecting  out  and  eliminating  approximately  22  per  cent  of  the  circuits  built 
with  these  components  through  some  typo  of  "burn  in"  tests,  then  it  would  bo 
of  advantage  to  use  the  typo  D  components  in  the  ]  5$  circuit  which  would,  now 
start  initially  at  P(S)  =  1  and  decay  a\.  a  much  slower  rate  than  the  circuit 
using  type  A  or  B  components. 

In  Figure  46  we  show  a  comparison  between  typo  3  components  in  a 
15$  circuit  and  type  C  components  in  a  10$  circuit.  An  intersection  occurs 
at  approximately  50,000  hours  but  the  difference  between  the  two  beyond  this 
point  appears  insignificant  because  there  is  little  difference  in  the  rate 
of  decay.  * 

In  Figure  4"  we  show  a  comparison  between  type  A,  B  and  C  components 

in  a  15$  circuit  and  type  B  components  in  a  5$  circuit.  Note  here  that  the 

only  difference  is  the  reservoir  temperature,  TD„_.  The  mcersection  occurs 

RES 

at  approximately  2,500  hours,  a  very  short  time.  The  significance  here  is 
that  the  optimum  tolerance  selection  procedure  is  also  applicable  at  short 
times. 
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F!  r.’.ro  .  Probability  of  S\:cconr.  vr  .  Pino 


I 


/ 


3 . 7  Summary  of  Procedure  for  Finding  Optimum  Design 

(a)  It  is  assumed  that  all  component  and  parameter  distributions  are  known.  As  the 
distributions  are  assumed  truncated  it  is  possible  to  worst  case  design  circuits  which 
will  show  no  failure  due  to  component  drift,  P(D)-  -  1,  for  temperature  ranges  "Tq  to  Tq', 
"T  to  T,  ",  etc.  Such  circuit  designs  are  listed  in  Table  IV. 

A  worst  case  designed  circuit  (described  by  a  set  of  nominal  component  values) 
designed  for  some  temperature  range,  say  "Tq  to  ",  is  determined  exclusively  by: 
the  design  method  (see  Appendix  3-2)  and  the  distributions  of  the  vendors'  components 
in  the  temperature  range  Tq  to  T,. .  To  make  the  comparisons  of  the  U  vendors'  products 
easy  to  follow,  the  distributions  shown  in  Figure  37  were  assumed.  +10$  component  varia¬ 
tion  will  then  correspond  to  the  distributions  found  in  the  temperature  range  20°  to  95° 
for  all  vendor  B  components.  Notice  that  +10$  is  also  the  distribution  of  all  vendor 
A's  components  in  the  range  20°  to  l80°  etc.,  as  shown  in  Table  V. 

(b)  Next  the  power  dissipation  W,  is  computed  for  each  circuit,  see  Figure  35  or 
Appendix  B-l,  Figure  2.  The  average  power  dissipation,  W,  depends  exclusively  on  the 
nominal  values  of  the  circuit  resistors. 

(c)  The  operating  temperature,  T  ,  is  computed  for  each  circuit,  by  the  expression 

op 

Tqp  =  W  x  C  +  Reservoir  Temperature,  see  Figure  38  or  Appendix  B-l,  Figure  3  and 
Table  VI.  The  two  constants,  the  thermal  resistance  C°/mW  and  the  reservoir- temperature 
(which  is  usually  the  ambient  temperature),  are  significant  only  In  so  far  as  they 
relate  the  circuit  power-dissipation  W  to  the  natural  temperature  of  the  circuit.  The 
expression:  Tq^  =  W  x  C  +  reservoir  temperature,  was  discussed  in  Part  J.h  and 
Appendix  B-l,  Part  (g) .  Tq^  is  used  twice,  see  part  (d)  and  (e)  below. 

(d)  The  catastrophic  failure  rate  \  is  determined  for  each  circuit.  \  depends  ex¬ 
clusively  on  T  and  the  curves  shown  in  Figure  5  of  Appendix  B-l.  The  curves  will 

op 

in  general,  he  different  for  different  vendors'  products.  The  \  values  are  listed  in 
Table  VI .  ' 

(e)  PCD),  the  probability  of  no  failure  due  to  component  drift,  is  found  for  each 

circuit  bv  interaro »<,^n  for  T  ,  see  Part  3*5' 

-  op 

For  a  given  circuit,  designed  for  say  ”20°  to  70° "  and  vendor  D's  components, 

P(D)  depends  exclusively  on  T  and  the  curves  on  Figure  36  or  Appendix  B-l,  Figure  1. 

Figures  39,  ho  and  Ul  show  how  P(D)  is  influenced  by  Treg  and  C  since  TQp  W  x  C  + 

The  curves  ohovn  in  Figure  38  and  Appendix  B-l,  Figure  h  are  helpful  in  shoving 

whether  or  not  T  for  a  circuit  falls  in  the  temperature  range.  "T  to  T  ",  for  which 
op  ■  o  X 

the  circuit  was  designed.  When  T  <  T  i*  means  that  P(D)  =  1.  When  T  >  T  ,  P(D) 

op  x  op  X 

must  be  found  by  interpolation. 
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(f)  P(S)  is  the  probability  of  satisfactory  operation  at  time  t.  P(S)  is  computed 
for  each  circuit  as  P(s)  =  P(D)  e  ^ .  Figures  !v2  to  kj  illustrate  P(S)  for  the  dif¬ 
ferent  circuits  as  a  function  of  time  for  different  vendors'  components,  reservoir 
temperatures  and  thermal  conductivities.  From  s.uch  figures  it  is  possible  to  decide 
which  circuit,  component  type,  and  cooling  system  should  be  used. 

3 .8  Conclusions 

In  Section  IV,  Part  B  and  Appendix  B-l  an  answer  was  given  to  the  problem: 

•“\4* 

how  can  P(s)  =  P(D)  x  e  “  for  a  circuit  or  system  by  optimized  for  a  given  time  or 
time  interval?  P(D)  is  the  probability  of  no  failure  due  to  component  drift,  e"^ 
is  the  probability  of  no  catastrophic  failure  at  time  t  .  P(S)  is  the  probability  of 
satisfactory  operation  at  time  t  . 

The  optimum  P(S)  at  a  given  time  is  found  by  comparing  corresponding  points 
on  curves  such  as  those  in  Figures  b2  to  U7.  If  the  average  P(S)  over  some  time  inter 
val  is  of  interest,  it  is  necessary  to  use  integration  as  shown  in  Appendix  B-l, 

Figure  7. 

The  answer  to  the  above  problem  is  given  in  terms  of: 

(1)  some  temperature  range  ,  "T  to  T  ", 

O  X 

(2)  the  type  of  components  which  should  be  used, 

(3)  the  thermal  resistance  C°/mW  and  the  reservoir-temperature,  which  is  usually 
the  ambient  temperature.  The  two  constants  are  significant  only  in  so  far  as  they 
relate  the  circuit  power-dissipation  Wtothe  op-,  tu v: r;g  temperature  of  the  circuit 
by  the  expression:  Tq^  =  W  x  C  +  reservoir  temperature. 

Some  relationships  between  the  more  important  factors  will  now  be  reviewed. 

(a)  A  worst-case  designed  circuit  (described  by  a  set  of  nominal  component  values) 
designed  for  some  temperature  range,  say  "T^  uO  i  s  determined  exclusively  by: 
the  design  method  and  the  distributions  of  the  vendors'  components  in  the  temperature 
range  Tq  to  T^. 

.  ,  / 

(b>  The  average  power  cussipation,  W,  of  a  circuit  depends  exclusively  on  the  nominal 
values  of  the  resistors. 

(c)  The  catastrophic  failure  rate  X.  depends  exclusively  on  T  .  and  the  curves 

nat 

Appendix  B-l,  Figure  5*  The  curves  will,  in  general,  be  different  for  different 
vendors'  products. 
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(d)  For  a  giver,  i  resit 
P(D)  depends  exelusiv-ly 
Appendix  B-i,  Figure  1. 


,  design- 2  Cur  say  "20"  to  70c "  and  vendor  D's  components, 
on  the  operating  temperature,  T  ,  and  the  curves  on 


(e)  The  initial  distribution  at  room  temperature  (called  &  (t)Oq0  in  Figure  37) 
of  any  vendors'  components  can  be  made  as  narrow  as  desired  by  selection.  The 
selected  components  wiLl  still  have  the  same  temperature  coefficient  and  \-curves 
(see  Appendix  B-l,  Figure  5)  as  before.  A  narrow  component  distribution  vill  make  the 
resistor  values  in  worst  case  designed  circuits  larger  and  the  power  dissipation,  W, 
smaller.  If  the  resistor-distributions  are  reduced  from  +  20$  to  +  5$  all  resistor 
values  are  increased  by  at  least  15$,  as  may  be  seen  by  inspection  of  the  design 
inequalities,,  likewise  the  power  dissipation  vill  decrease  by  15$  or  more.  As  the 
operating  temperature,  f _  ,  depends  on  the  product  of  power  dissipation  and  thermal 

resistivity,  V  x  C,  it  is  seen  that  narrowing  the  resistor  distribution  from  +  20$ 
to  +  5$  is  equivalent  tc  reducing  the  thermal  resistivity,  C,  by  15$  or  more. 


Paragraphs  (a)  to  (e)  show  the  relationships  which  determine  the  trade-off 
possibilities.  During  the  second  year  of  this  program  it  Ls  planned  to  study  quanti 
tatlvely  the  relative  merits  of  the  various  trade-offs. 


C.  TERMINAL  PARAMETER  MEASUREMENTS 


The  problem  of  consideration  is  the  evaluation  of  circuit  performance 
with  emphasis  given  to  the  evaluation  of  circuit  sensitivity  to  component 
variations.  The  specific  problem  arises  as  a  result  of  functional  or  in¬ 
tegrated  microelectronic  circuitry  in  which  the  components  are  inaccessible 
for  measurement  following  fabrication.  Unconventional  component  variations 
are  the  primary  concern  where  for  a  particular  circuit  design  the  complete 
fabrication  occurs  in  one  or  several  steps.  Independent  of  the  number  of 
steps  the  final  unit  consists  of  an  integrated  structure  which  can  be 
analyzed  only  through  the  aid  of  terminal  measurements. 

Thus,  we  have  the  following  items  given: 

1.  a  fabricated  microelectronic  circuit  with  a  limited 
number  of  available  terminals  for  test  purposes 

2.  the  circuit  design  and  specifications 
The  problem  is  to: 

1.  make  measurements  to  determine  circuit  parameter 
values 

2.  make  an  analysis  of  the  circuit  performance  and 
predict  the  probability  of  circuit  failure  or 
verify  the  accuracy  of  the  fabrication  technique 

There  are  two  general  approaches  that  may  be  taken  to  evaluate  the 
circuit  from  terminal  parameter  measurements.  First,  one  can  treat  the 
circuit  as  a  "black  box"  and  simply  determine  what  it  can  do  without  re¬ 
gard  to  the  internal  component  state  of  the  circuit.  The  problem  is 
analogous  to  characterizing  a  transistor  from  measurements  without  de¬ 
veloping  aii  equivalent  circuit  that  would  be  useful  over  a  variety  of 
operating  conditions.  This  approach  requires  a  large  number  of  measure¬ 
ments  on  a  given  circuit  in  order  to  accurately  predict  its  performance 
for  a  variety  of  operating  conditions  (i.e.,  frequency,  temperature,  etc.). 
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Secondly,  one  may  determine  the  nominal  values  of  the  circuit  component 
by  measurements  at  available  terminal  points. ^  Knowledge  of  how  the  com¬ 
ponent  values  vary  with  environment  would  thus  allow  prediction  of  circuit 
performance.  This  approach  roughly  corresponds  to  the  problem  of  deter¬ 
mining  an  equivalent  circuit  for  a  transistor.  With  the  original  com¬ 
ponent  design  values,  the  circuit  can  then  be  analyzed  to  determine  its 

performance  capability. 

/ 

The  second  approach  seems  more  useful  since  it  can  be  done  with  rela¬ 
tively  few  measurements  compared  to  the  "black  box"  approach.  One  assumes, 
however,  that  it  is  possible  to  measure  all  of  the  circuit  component 
values.  If  not,  then  some  combination  of  the  two  approaches  may  be 
necessary.  Use  will  be  made  largely  of  the  second  approach  for  this  study 
with  consideration  of  other  methods  when  it  is  necessary. 

Consideration  has  been  given  to  the  limitations  imposed  on  measure¬ 
ment  and  analysis  procedures  by  given  circuit  configurations.  Some  factors 
considered  were: 

a.  the  circuit  is  operating  at  nominal  design  and  voltage 
current  levels 

b.  the  components  of  the  circuit  are  connected  as  the  design 
requires  but  no  voltage  are  applied 

c.  measurements  can  be  made  only  at  available  terminal  points 

d.  measurements  impose  no  damaging  stresses  on  components 

e.  the  conventional  circuit  design  is  known 

f.  active  devices  are  conventional  or  unconventional 

g.  the  circuit  is  fabricated  in  parts  or  as  a  complete  unit 

h.  accuracy  of  measurement 

R.S.  Berkowitz,  "Conditions  for  Network-Element- Value  Solvability,  " 

IRE  Transactions  on  Circuit  Theory,  Volume  CT-9,  March  1962,  pp  2k-29 


i.  data  is  available  on  how  components  vary  with  operating 
conditions  and  environments 

J.  data  is  available  on  how  components  vary  with  age 

k.  data  is  available  on  component  failure  rates 

Item  (a)  is  analogous  to  the  condition  of  establishing  circuit  per¬ 
formance  capability  by  the  "black  box  approach".  The  primary  difficulty 
is  the  problem  presented  in  not  knowing  the  individual  component  values. 
For  example,  one  could  determine  the  performance  of  the  circuit  at  that 
point  in  time  by  measurement, but  prediction  of  performance  for  some  future 
time  would  be  based  entirely  on  the  probability  of  catastrophic  failure 
for  the  circuit.  This  is  so  because  one  component,  say  a  resistor,  could 
have  its  value  very  close  to  the  tolerance  point  for  failure  of  the  cir- 
cult  without  being  detected  in  measurement. 

Item  (b)  essentially  allows  the  application  of  voltages  and  currents 
to  the  circuit  with  resulting  measurements  of  individual  component,  values. 
It  permits  flexibility  in  measurement  such  that  one  is  not  limited  to 
particular  measurement  techniques.  Since  individual  component  values  are 
measurable  with  a  certain  degree  of  flexibility,  this  method  as  stated 
previously  has  been  adopted  for  the  study.  The  remaining  items  have 
served  the  purpose  of  establishing  a  general  philosophy  to  follow  in  de¬ 
fining  specific  techniques. 

It  is  pointed  out  that  for  some  circuits  the  determination  of  *1 1  com¬ 
ponent.  values,  particularly  active  drive  parameter  values,  may  be  im¬ 
possible.  If  this  occurs,  then-  one  has  to  resort  to  a  combination  of  the 
techniques  presented  here  and  others. 

The  material  of  Appendix  C-l  giveB  the  results  of  effort  conducted  to 
^»+“nlne  the  applicability  of  the  method  pointed  out  here.  These  investi¬ 
gations  were  carried  out  on  a  general  purpose  amplifier  and  a  flip-flop 
circuit. 
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Experimental  Results 


Terminal  parameter  measurements  have  been  made  on  three  manu¬ 
facturer's  type  flip-flop  circuits  that  are  being  fabricated  currently 
ir.  microelectronics  form.  The  flip-flop  circuits  were  chosen  for  analysis 
because  of  their  complexity  and.  due  to  the  fact  that  they  are  utilized 
in  large  numaers.  These  circuits  are  designated  in  the  following  material 
as : 


1. 

flip-flop 

-  Manufacturer 

A 

2. 

flip- flop 

-  Manufacturer 

B 

5  • 

flip-flop 

-  Mans  f ac  tu re r 

C 
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1.  FLIP-FLOP  CIRCUIT  (MAN.  A) 


2 


Figure  U8.  Flip-flop  vith  7  Available  Terminals. 
Component  values  as  indicated. 
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Passive  Circuit  Components 


A  convenient  approach  is  to  consider  the  transistor  as  two 
back-to-back  diodes  as  pointed  out  in  Appendix  C-l. 

(l)  Determination  of  R^  and 


Figure  b9.  Equivalent  Circuit 

To  eliminate  error  in  measurement  due  to  loop  current  through  Junc¬ 
tions  between  terminals  (l)-(3),  terminals  (l)-(3)  should  be  balanced  by- 
applying  the  same  positive  potential  to  them  and  connecting  terminal  (2) 
to  ground.  The  values  of  R^  and  are  obtained  by  measuring  the  currents 
through  terminals  fi)-(2)  and  (3) -(2)  and  computing  R^  and  R^ 


True  value  of  R^  =  R^  =  2K 
Measured  value  of  R^  =  R^  =  2K 

Note:  Connecting  terminal  (U)  to  ground  and  terminals  (5)  and  (7)  to  a 
positive  potential  gives  balance  between  terminals  (l)-(3)»  If  the  balance 
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cannot  be  obtained,  it  Is  an  indication  of  emitter  junction  breakdown  of 

Ti or  V 


(2) 


Measurement  of  R. 

- 


(5)-(l)  with 
*5- 


An  a-c  measurement  of  voltage  and  current  between  terminals 
collector  junction  of  T„  forward  biased  gives  the  value  of 


(3) 


True  value  R_  -  UK 

? 

Measured  value  FT  -  UK 

3 

Measurement  of  R, 

- J; 


The  procedure  is  identical  to  the  determination  of  R  .  The 

3 

ac  measurement  between  terminals  (7) -(3)  with  the  collector  junction  of  T^ 
forward  biased  gives  the  value  of  R^. 


True  value 
Measured  value 


(M 


Measurement  of  R 


3 


h  ~~  4K 

R,  =  UK 
U 


An  ac  measurement  between  terminals  (5) -(6)  with  the  emitter 
junction  of  T^  forward  biased  yields  the  value  of  +  R^. 


b. 


True  value 
Measured  value 


R^  =  IK 
R5  =  IK 


Important  Transistor  Parameters 


(l)  Determination  of  and  the  common  emitter  cutoff  frequency 

of  T  : 

3q  is  the  common  emitter  short  circuit  current  gala  Apply 
the  design  voltage  between  terminals  (l) - (6)  through  a  100  n  resistor,  to 
approximate  an  ac  short  circuit  at  the  output.  Drive  the  circuit  between 
•  terminals  (5) -(6)  with  an  ac  generator  in  series  with  a  100  k  resistance 
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The  procedure  Is  Identical  to  the  determination  of  3  and 

fP  of  v 

Design  voltage  between  terminals  (5) -(6) 

Drive  voltage  between  terminals  (T) - (6) 

0  -  42 
o 

3q  measured  with  the  transistor  test  set  "Owen"  type  210A  gave  a  3q  ■=  44 . 

r  ■=  110  kc 

p 


l?l 


(3)  Det<rrmination  of  3  of  T. 


2 


Figure  £0.  Circuit  for  Determining  (3^  of 

To  approximate  ac  short  circuit  at  the  output,  connect  a  low 

valued  resistance  between  terminals  (2) -(3).  With  the  circuit  of  Figure  3, 

P  is  obtained  as  follows: 
o 

we  see  from  the  figure  that 

ic  V2/200 
Po  =  =  V  /lOOK 

over  the  linear  region  0  measured  was 

o 

P0  =  35 

measured  with  the  transistor  test  set  "Owen"  type  210A  gave  a  =  57. 
(k)  Determination  of  0  of  T 

- - - 10 - p 

The  procedure  is  identical  to  the  determination  of  0  of  T,  . 

o  1 
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Design  voltage ' between  terminals  (2) -(4) 

Drive  voltage  between  terminals  (j)-(i<) 

R^  =  260 

Measured  (3q  =  32 

measured  with  the  transistor  test  set  "Owen"  type  210A  gave  a  =  33* 

(5)  The  determination  of  other  transistor  paramters  as  C^,, 
is  obtained  by  the  methods  outlined  in  Appendix  C-l. 

2.  FLIP-FLOP  CIRCUIT  (MAN.  B) 


Figure  $1.  Flip-flop  with  6  Available  Terminals 
Component  values  as  indicated. 
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a.  Passive  Circuit  Cbmponents 
(l)  Determination  of  R  and 

The  procedure  is  identical  to  the  determination  of  R^  and  R^ 
in  the  Flip-flop  circuit  of  mon.  A. 

b.  Important  transistor  parameters 

✓ 

(1)  Determination  of  6  of  T„  and  T_ 

'  ' - - - - r - ; - 3 

The  procedux*e  is  also  identical  to  the  determination  of 

6  of  T  and  in  the  flip-flop  circuit  of  man.  A. 
o  i  2 

(2)  Determination  of  0  of  T, 

. . . r„n — - - | 


2 


Figure  52  .Circuit  for  Determination  of  0  of  T, 

o  1 

The  circuit  of  Figure  5  is  used  in  this  measurement. 

The  method  to  measure  0  of  T,  is  the  following: 

o  1 

a.  Apply  design  voltage  such  that  T  is  in 
saturation  and  not  conducting. 

b.  of  T^  and  T^  should  be  approximately  O.h  Volt 

c.  Connect  a  low  value  resistor  between  terminals  (2)-(j). 


d.  For  the  above  conditions  the  increase  in  collector 

oCrrent  due  to  conduction  of  T,  (SWI  dosed)  is  I  or  T,, 

1  cl 

12U 


e.  Drive  (after  closing  SW2)  between  terminals  (6) -(4) 
with  an  ac  generator  in  series  with  a  100  k  resistance. 

f.  3  is  given  by 

0  V2/200  ' 

Po  =  V  /100K 

measured  3  =  42 

o 

3  measured  with  the  transistor  test  set  "Owen"  type  210A  gave  a  =  44 

/ 

(3)  Determination  of  30  of 

The  procedure  is  identical  with  that  of  determining  3Q  of  T^. 

=  200  n 

Vi/200 

^ 

0  V^/lOOK 

measured  value  of  3  =  40 

o 

3  measured  with  the  transistor  test  set  "Owen",  type  210A  gave  a 
Po  .  45. 
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3.  FLIP-FLIP  CIRCUIT  Man.  C 


Figure  53.  Flip-flop  with  8  Available  Terminals 
Component  values  as  indicated. 
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a 


Passive  Circuit  Components 


1 


(l)  Determination  of  and 

The  method  of  measurement  as  identical  with  that  applied  to 


A  and  B. 


Measured  value  R,  =  =  2K 

1  2 

True  value  Ri  =  R2  =  2K 

(2)  Determination  of  R, 

- 5 

An  ac  measurement  between  terminals  (3) -(6)  with  the  dioder 

D,  and  D  forward  biased  yields  the  value  of  R, 

12  3 

Measured  value  R„  =  8K 
3 

True  value  R^  =  8K 

(3)  Determination  of  R^ 

An  ac  measurement  between  terminals  (l)-(7)  with  diodes 
and  forward  biased  yields  the  value  of  R^  . 


Measured  value  R^  =  8K 
True  value  R^  =  8K 
(M  Determination  of  C„ 
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With  the  circuit  of  Figure  5^  is  obtained,  as  following: 


(a)  Reqv  =  ^l_2^ 


"3 

(b)  apply  on  ac  voltage  of  1  V  rms  and  500  cps  between  terminals 
(x)  -  ground 

(c)  bias  the  circuit  such  that  v_.  =0.5  v  .. 

x  51  '  xl 

(d)  increase  the  frequency  ofgUge^pc  generator  to  a  frequency 


where  the  value  of  V„  = 


■3i  -  yr  * 

the  input  signal  at  1  V  rms. 


Keep  the  amplitude  of 


(e)  compute  the  value  of  from  equation: 


C  = 


2  7r  f  Reqv. 


Measured  value  of  =  69  nnf 


(5)  Determination  of  C| 

The  method  is  identical  with  that  of  determination  of  C_  with 

3 

terminals  (l)  and  (3)  interchanged. 

Measured  value  of  =  72  puf. 

(6)  Determination  of  R„ 

-  5 

An  ac  measurement  between  terminals  (5) -(3)  with  collector  Junc¬ 
tion  of  T_  forward  biased  yields  the  value  of  R_. 

3  5 

Measured  value  of  R^  =  UK 
Tme  value  R^  =  UK 

(7)  Determination  of  C,_ 


The  value  of  is  obtained  by  means  of  an  impedance  measurement 
between  terminals  (5)-(3).  vith  the  collector  Junction  of  T^  forward  biased. 

The  impedance  between  terminals  (5) -(3)  is 

1 


2  a  R  +  Jx  =  rD  +  Y 


R_ 


R  +^<0C 

r5 


+ 


D  1  + 


3 
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at  low  frequencies  (f  <  20  Kc) 

<  <  1 

so  that  the  impedance  expression  becomes 

2  -  rD  R5  -  -j<^C5. 

The  bridge  balances  for 

Z  =  b200  +t  50 
J 

This  leads  to  the  value  of  =  pO  pf. 

(8)  Determination  of  R.-  and 

An  admittance  measurement  between  terminals  (7) “(8)  with 
diode  reverse  biased  yields  the  values  of  Rg  and  Cg . 

The  bridge  balances  for 

Y  ~  2K  +  1^°  Pf* 

(9)  Determination  of  RT  and  C^, 

The  method  is  identical  with  that  of  determining  Rg  and  Cg 
Measurp  between  terminals  (6) -(8)  with  diode  reverse  biased. 
The  bridge  balances  for 
Y  =  +  jw  180  pf. 

The  true  values  were: 

R6  =  R?  =  2K 
cg  =  CT  =  180  pf. 

5-b.  Important  Transistor  Parameters 

(l)  Measurement  of  f3  of  T„ 

1  ■  - . — — —  r  o  •  ~  p 

Connect  a  220  D  resistance  in  parallel  with  R,  and  a  220  fl  resis¬ 
tance  in  parallel  with  R .  Appl^  a  dc  voltage  between  terminals  (2)-(U).  The 
state  of  the  flip-flop  is  such  that  T^  is  not  conducting  and  T ^  is  conducting. 
Forward  bias  the  emitter  junction  between  terminals  (5) -(b)  with  a  low  dc- 
voltage.  Apply  a  signal  between  terminals  (5)-(^)  through  a  100  k  resis¬ 
tance.  The  of  T^  Is  given  by: 
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ic  V200 

@o  "  i.  "  V  /100K 

D  1 

The  measured  value  Pq  =  43 

The  value  measured  with  the  transistor  test  set  "Owen"  type  201A  was 
@o  .  U5. 

(2)  Measurement  of  P_^  of 

Connect  a  220  ft  resistance  in  parallel  of  and  one  in 

parallel  with  R^.  Apply  a  dc  voltage  between  terminals  (2) -(4).  Connect 

a  variable  resistance  fej  K)  between  terminals  (l)-(4).  Bring  the  flip-flop 

to  a  state  where  is  conducting  and  is  not  conducting.  Connect  a 

resistance  (7K)  between  terminals  (6) -(4),  to  prevent  the  flip-flop  from 

changing  states  during  adjustment  of  the  variable  resistance.  Adjust  the 

resistance  and  the  D-C  voltage  such  that  the  collector  junction  of  will 

be  slightly  reverse  biased.  Apply  an  ac  signal  between  terminals  (?)-(^) 

through  a  100  k  resistance.  (The  diodes  and  are  forward  biased.) 

The  (3  of  T,  is  given 

01  V2/200 

Po  =  V^/lOOK  . 

The  value  measured  p  =45 

o 

Tne  value  found  wittf' the  transistor  test  set  "Owen"  type  201A  is  Pq  =  45 
(5)  Measurement  of  P  of  T 

-  rQ - 2 

The  method  is  identical  with  that  of  measuring  Pq  of  T^. 
Connect  in  parallel  with  R^  and  R2  220  ft  resistances.  Apply  a  dc-voltage 
between  terminals  (2) -(4).  Connect  a  variable  resistance  (25K)  between 
terminals  (3) - (4) .  Connect  a  resistance  (7K)  between  terminals  (7)— (4) . 
Apply  an  ac  signal  between  terminals  (6) -(4)  through  a  100  k  resistance. 

The  Pq  of  T2  is  given 

V  /200 

&o  "  V^/100K  • 

The  value  measured  P  =57-  The  value  found  with  the  transistor  test  set 

o 

"Owen"  type  20 1A  is  PQ  =  4o. 
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D. 


ADJUSTABILITY 


1.  General  Adjustability  Considerations 

Acl ustabili  y  is  often  a  desirable  feature  in  electronic  equipment. 
Two  rather  distinct  classes  of  system  adjustability  are  (l)  adjustment  of 
basic  system  functions  such  as  gam,  bandwidth,  etc.,  and  (2)  adjustment  of 
critical  component  values  located,  for  example,  in  tuned  amplifiers.  A  rather 
unique  class  of  tunable  bana-pass  filters,  referred  so  as  "digital  filters", 
was  singled  out  for  special  attention  in  the  area  of  adjustability.  A  brief 
summary  of  digital  filter  characteristics  is  given  in  the  following  section. 

2 .  Digital  Filter  Characteristics 

The  digital  I'ilt.j.  consists  of  a  tank  of  3  lev  pass  networks  whose 
input  and  output  terminals  are  sequentially  commutated  at  a  frequency  f  . 

Three  outstanding  characteristics  of  the  digital  filter  are  (l)  the  center 
frequency  can  be  easily  varied,  (2)  the  bandwidth  can  be  easily  varied  and 
(3)  extremely  narrow  bandwidth s  (loss  than  1  cps)  are  achievable. 

The  operation  of  the  digital  filter  can  be  visualized  as  follows. 
Consider  a  low-pass  network  whose  voltage  transfer  function  is  characterized, 
for  example,  by  the  response  shown  it.  Figure  55-  Under  certain  band  limiting 
constraints  which  were  previously  discussed,  it  is  possible  to  incorporate  this 
low-pass  network  into  the  digital  filter  and  thus  produce  the  band-pass  char¬ 
acteristic  shown  in  Figure  56.  The  center  frequency  can  be  varied  without 
affecting  the  bandwid^h^  or  conversely,  the  bandwidth  can  be  varied  without 
affecting  the  center  frequency.  It  should  be  noted  that,  except  for  a  scale 
factor,  the  shape  of  the  band-pass  characteristic  is  the  same  as  the  shape  of 
the  low-pass  characteristic.  In  particular,  if  the  low-pass  network  has  a 
cutoff  frequency  f  ,  the  band-pasr  filter  will  have  cutoff  frequencies  at 
f  +  f^.  As  a  consequence,  it  is  possible  to  generate  extremely  narrow-band 
filters.  For  example,  a  single  low-pass  RC  section  could  easily  be  built  with 
a  3  db  cutoff  frequency  less  than  1  cps.  ‘When  this  RC  section  is  used  in  the 
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figure  55  .  Low-pass  Voltage  Transfer  Funotion 


Figure  '56  .  Band-pass  Voltage  Transfer  Function 


digital  filter,  the  pass  hand  response  will  be  dovm  3  db  at  a  frequency  less 
than  1  cps  away  from  the  center  frequency. 

The  basic  theory  describing  the  digital  filter  was  discussed  in  the 
Second  Quarterly  Report.  In  the  Third  Quarterly  Report,  a  laboratory  imple¬ 
mentation  of  the  digital  filter  was  described,  and  the  digital  filter  transfer 
function  was  evaluated  at  1600  cps  where  operation  as  a  tone  selector  might  take 
place.  The  digital  filter  can  also  be  operated  at  center  frequencies  in  excess 
of  one  megacycle,  and  the  present  report  will  describe  some  of  the  operating 
characteristics  at  high  freqxiencies. 

3 .  High  Frequency  Digital  Filters 

The  prime  limitation  associated  with  high  frequency  operation  of  a 
digital  filter  stems  from  an  inability  to  generate  sufficiently  good  switching 
functions.  More  specifically,  considering  the  basic  digital  filter  shown  in 
Figure 57,  the  problem  is  to  implement  the  sequential  opening  and  closing  of  the 
four  switches.  At  any  particular  time,  one  and  only  one  switch  should  be  closed. 
Furthermore,  all  the  switches  should  close  for  the  same  length  of  time.  In 
practice,  each  of  the  four  switches  can  be  replaced  by  a  transistor,  and  digital 
circuitry  can  be  designed  to  generate  the  switch  operating  signals.  At  high 
frequencies,  problems  arise  because  a  transistor  switch  cannot  change  states 
instantaneously.  This  shortcoming  is  significant  both  In  the  generation  of  the 
switching  waveforms  and  in  the  actual  operation  of  the  switch. 

The  switching  waveforms  employed  in  the  previously  described  digital 
filters  were  generated  by  combining  the  outputs  from  two  cascaded  flip-flops 
through  resistor -diode  logic.  This  technique  is  practical  at  low  frequencies, 
but  at  high  frequencies,  the  circuit  time  delays  become  intolerable.  When 
time  delays  are  negligible,  this  system  operates  as  Ghown  in  Figure  58  in  which 
the  representative  waveform  AB  is  positive  whenever  both  A  and  B  are  positive. 
However,  when  rise  times,  fall  11^==.  and  storage  times  become  significant,  AB 
will  no  longer  have  the  desired  shape.  Improved  operation  at  high  frequencies 
can  be  obtained  by  generating  the  switching  waveform  in  a  shift  register.  This 
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Figure  58  •  Lew  Frequency  Switching  Waveform  Generation 
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eliminates  the  logic  network  and  alleviates  the  problem  of  delay  in  the  flip- 
flops.  A  four-stage  shift  register,  for  example,  directly  provides  four  wave¬ 
forms  similar  to  AB  and  spaced  at  the  desired  90°  intervals  for  sequentially 
operating  the  four  switches.  It  is  well  to  note  here  that  the  digital  filter 
can  be  operated  with  three  or  more  switched  capacitors.  The  original  choice 
of  four  was  made  because  two  flip-flops  provided  a  convenient  means  for 
generating  a  switching  waveform  with  a  one-quarter  duty  cycle.  However,  the 
voltage  transmission  ratio  T  depends  on  N,  the  number  of  switched  capacitors. 

More  explicitly, 

in 

2 

N  sin  it/N 
« 

The  transmission  ratio  is  O.69  for  N  =  3  and  is  0.8l  for  N  »  4. 

For  rather  arbitrary  reasons,  it  was  decided  to  use  a  four-stage  shift 
register  to  generate  the  switching  waveforms.  The  basic  flip-flop  used  in 
the  shift  register  and  the  trigger  generator  are  shown  in  Figure  59*  The  inter¬ 
connection  of  the  four  flip-flops  and  the  added  circuitry  which  insures  that 
the  shift  register  provides  the  desired  one-quarter  duty  cycle  is  shown  in 
Figure  60.  The  digital  filter  exclusive  of  the  switch  driving  circuitry  is 
shown  in  Figure  6l.  The  emitter  follower  incorporating  an  attenuator  was  added 
to  avoid  loading  the  digital  filter  output  at  high  frequencies.  The  output 
signal  level  in  the  data  which  follows  is  referred  to  the  base  and  does  not 
represent  the  attenuated  output  signal. 

Two  aspects  of  this  digital  filter  were  investigated.  One  point  of 
concern  was  the  switching  noise  which  is  primarily  caused  by  transistor  switching 
transients  and  differences  in  transistor  leakage  currents.  As  was  mentioned  in 
the  Third  Quarterly  Report,  simple  compensating  networks  can  be  attached  to 


Shift  Register  Connection  Diagram 


each  of  the  four  capacitors  to  balance  out  the  component  of  the  switching 
noise  at  the  commutating  frequency.  One  of  these  networks  is  shown  in 
Figure  62.  Using  these  networks,  the  fundamental  component  of  the  switching 
noise  could  be  reduced  to  less  than  30  pv  at  frequencies  up  to  2  megacycles. 

If  the  compensating  networks  are  removed,  the  fundamental  component  of  the 
switching  noise  varied  with  frequency  as  shown  in  Figure  63 (for  the  random 
selection  of  components  used  in  this  circuit). 

A  second  area  of  investigation  was  to  determine  how  the  digital  filter 

transfer  function  depended  on  the  commutating  frequency.  (If  the  switches 

were  perfect,  there  would  be  no  dependence.)  The  voltage  transfer  ratio  is 

shown  for  commutating  frequencies  of  200  kc  and  1  me  in  Figures  64  and  65, 

respectively.  Recall  that  the  voltage  transfer  ratio  for  a  four  section 

digital  filter  should  ideally  be  0.8l  at  the  center  frequency.  The  measured 

values  at  several  center  frequencies  are  shown  in  Figure  66.  Two  significant 

points  illustrated  by  these  curves  are  that  (l)  the  insertion  loss  of  the 

filter  increased  with  increasing  center  frequency,  and  (2)  the  bandwidth  of 

the  filter  also  increased  with  increasing  center  frequency.  It  is  interesting 

to  note  that  the  meas<(red  points  closely  followed  the  theoretical  asymptote 

at  larger  values  of  1  f  -  f  I  .  Sufficient  time  was  not  available  to  determine 

•  o  ' 

the  cause  of  these  phenomena.  It  might  be  postulated  that  both  effects  occurred 
because  of  an  overlap  in  switching  times  primarily  due  to  charge  storage  in 
the  saturated  transistor  switches. 

4.  Conclusions 

The  digital  filter  provides  a  means  of  obtaining  a  band-pass  filter 
which  is  amenable  to  microoin  techniques.  The  digital  filter  also  has  the 
features  that  (l)  the  center  frequency  can  be  easily  varied,  (2)  the  bandwidth 
can  be  easily  varied  and  (3)  extremely  narrow  bandwidths  (less  than  1  cps)  are 
achievable.  Oie  digital  filters  constructed  have  been  operated  at  frequencies 
ranging  from  100  cps  to  2  me. 
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Figure  62  ,  Noise  Balancing  Network 
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Figure  6^  .  Digital  Filter  Voltage  Transfer  Ratio 
at  200  kc  Center  Frequency  with  160  Cycle 
Theoretical  Bandwidth 
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Figure  65.  Digital  Filter  Voltage  Transfer  Ratio 
at  1  Me  Center  Frequency  with  a  2  ke 
Theoretical  Ehndvldth 
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THEORETICAL  TRANSFER  RATIO 


Figure  66.  Voltage  Transfer  Ratio  at  Center  Frequency 
as  a  Function  of  Center  Frequency 
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became  a  member  of  Signa  Pi  Sigma,  Honorary  Physics  Society,  while  pursuing 
Ms  studies  at  Purdue. 

From  1951  to  1953,  be  was  employed  as  a  physicist  at  the  National 
Bureau  of  Standards.  From  1953  to  1956,  be  was  employed  as  a  physicist 
at  the  Diamond  Ordnance  Fuze  Laboratories. 

In  1956,  he  joined  General  Electric  as  a  member  of  the  Light  Military 
Electronics  Department.  While  there  he  participated  in  a  series  of 
engineering  assignments  and  worked  as  Project  Engineer  in  programs  of  re¬ 
search  and  development  in  reliability,  microminiaturization,  nuclear 
radiations  effects  and  optical  lasers. 

He  is  the  author  or  co-author  of  the  following  articles:  "Structure 
of  Oxide  Scales  on  Nickel  Chromium  Steels",  Corrosion.  November  1956; 

"An  Approximate  Method  of  Forming  a  Confidence  Interval  on  Predicted  System 
Re] lability",  IRE  Transactions  on  Reliability  and  Quality  Control.  June 
1959;  "Design  Techniques  for  Reliability",  Seventh  National  Symposium  on 
Reliability  and  Quality  Control.  January  1961;  "Seismic  Switch",  Diamond 
Ordnance  Fuze  Publication.  195^  and  the  following  internal  General 
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Analysis",  "Collection,  Analysis  and  Reporting  of  Reliability  Test  Data", 
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Mr.  Raper  joined  General  Electric  in  1952  as  a  member  of  the  Engineering 
Program,  a  one-year  sepies  of  assignments  in  different  engineering  functions 
of  the  Company.  In  1953,  he  became  a  member  of  Advanced  Circuits  of  the 
Electronics  Laboratory.  His  initial  work  was  design  and  development  of 
transistor  circuitry  for  use  in  communications  type  equipment.  Mr.  Raper 
received  the  General  Electric  Managerial  Award  given  for  "outstanding  con¬ 
tribution  to  development  of  transistor  radio  circuitry  and  the  evaluation 
and  application  of  new  semiconductor  devices." 

From  1956  until  I960,  he  has  been  Project  Engineer  for  a  number  of 
development  projects  in  the  area  of  miniaturized  communications  equipment 
with  emphasis  being  placed  on  the  use  of  novel  device  and  circuitry  tech¬ 
niques  . 

In  July  I960,  Mr.  Raper  was  appointed  Program  Manager  -  Micro¬ 
electronics  for  the  Electronics  Laboratory  in  which  position  he  was  respon¬ 
sible  for  integrating  the  activities  of  the  Electronics  Laboratory  in  this 
field.  In  July  1961,  he  was  appointed  Manager  -  Advanced  Circuits  and 
Integrated  Electronics. 

Mr.  Raper  is  a  member  of  Tau  Beta  Pi  and  IRE  and  is  the  holder  of  four 
patents.  Mr.  Raper  is  a  co-author  of  "Transistor  Circuit  Engineering, " 

John  Wiley  and  Sons,  Inc..  1957,  and.  has  given  or  published  the  following 
articles  and  papers:  "Transistorized  Broadcast  Receivers,  "IRE  National 
Convention,  195^;  "A  Low  Level  Diode  Limiter,  "  IRE  Circuit  Theory  Trans¬ 
actions,  March  1956:  "Transistorized  Broadcast  Receiver  Design,  "  IRE 
Chicago  Meeting,  October  1955;  "A  Transistorized  Digital  to  Analog 
Converter,  "  Electronics,  December  1957;  "A  Transistorized  Broadcast 
Receiver,  Electrical  Engineering.  December  I95L. 
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Electrical  Engineering  at  Columbia  in  19^9-1950,  and  in  1951-1952  studied 
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Mr.  Suran  joined  the  J.W.  Meaker  Company  in  19^9  as  a  development 
engineer.  Until  1951,  he  was  engaged  in  research  and  development  work  in 
servo-mechanism  control  systems.  This  consisted  of  circuit  and  system 
developments  centered  about  such  designs  as  electronic  sensing  devices  and 
circuits  to  measure 'air  flow,  servo-systems  to  effect  automatic  control 
of  porosity  in  paper  and  sheet  plastic  manufacturing  processes,  thyratron 
control  circuits  for  high-voltage  spark-gap  machinery,  etc. 

In  1951,  he  joined  Motorola,  Inc.,  and  until  1952  he  was  concerned 
with  research  and  development  in  mobile  communication  systems.  This  work 
consisted  of  problems  in  impulse  noise  and  narrow  band  FM  receivers,  dis¬ 
tortion  of  FM  signals  by  linear  networks,  information  theory  analysis  of 
FM  communication  systems,  orthogonal  multiplexing,  transient  analysis  of 
lumped  stagger- tuned  filters  and  non-linear  amplifiers.  During  this  period 
such  circuits  as  standard  amplifiers,  non-linear  pre-amplifiers,  sampling 
circuits  for  FM  receivers,  super- regenerative  amplifiers,  active  filters, 
peizoelectric  oscillators,  noise-suppression  limiters  and  distributed  filters 
were  developed. 

Mr.  Suran  joined  the  General  Electric  Electronics  Laboratory  in  1952. 
Since  then  he  has  been  concerned  with  research  and  development  in  the 
application  of  solid  state  components  to  advanced  circuits.  This  has  con¬ 
sisted  of  investigation  of  such  problems  as  transient  response  of  transis¬ 
tor  amplifiers;  solution  of  the  diffusion  equation  for  transistors;  electric 
field  effects  in  transistor  tetrou.es  and  double-base  diodes;  negative- 
resistance  circuits,  high-power  and  high-temperature  operation  of  various 
semiconductor  devices;  and  the  design  of  novel  ferrite  components  such  as 
the  transfluxor  for  pulse-circuit  applications.  During  this  period  he 
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was  involved  in  the  development  of  detectors  using  novel  semiconductor 
devices;  astable,  monostable,  and  oistacle  switching  circuits  empj_oying 
transistors  and  double-base  diodes;  measuring  equipment  for  the  double¬ 
base  diode:  regenerative  pulse  amplifiers;  digital-to-analog  converters, 
high-speed  switching  networks,  binary  and  decimal  counters,  and  the  like. 

In  195^  he  became  a  Project  Engineer  and  in  1956  he  was  made  Consulting 
Engineer  -  Soiid  State  Circuits,  In  1955,  he  was  given  the  General  Electric 
Managerial  Award  for  his  contributions  to  advances  in  the  art  of  solid 
state  circuits, 

Mr,  Suran  was  made  Manager  -  Advanced  Circuits  in  1957,  and  since  then 
has  directed  the  research  and  development  efforts  of  27  engineers  and 
eight  technical  and  administrative  personnel  in  this  field. 

In  July  196l,  Mr.  Suran  was  appointed  Manager  -  Electronics  Devices 
and  Applications  Laboratory.  During  a  reorganization  in  October  1961  he 
was  appointed  Manager  -  Electronic  Applications  Laboratory  This  Labora¬ 
tory  consists  of  professional  and  technical  personnel  working  in  instru¬ 
mentation,  electronic  devices,  solid  state  materials  and  microelectronics. 

He  is  a  Licensed  Professional  Engineer  in  the  State  of  New  York,  a 
Member  of  RESA,  an  Associate  Member  of  the  AIEE,  and  that  organization’s 
Electronic  Circuits  Committee.  He  is  also  a  Senior  Member  of  the  IRE,  a 
Member  of  the  IRE  Circuits  Committee,  and  Chairman  of  the  Solid  State 
Circuits  Sub-Committee. 

Mr.  Suran  is  the  holder  of  eight  patents  and  twenty  patent  applications 
on  control  systems  and  solid  state  circuits.  He  is  the  co-author  of  two 
books :  Principles  of  Transistor  Circuits,  John  Wiley  and  Sons,  1955,  and 
Transistor  Circuits  Engineering,  John  Wiley  and  Sons,  1957-  He  is  also 
the  author  or  eo-autuO"  of  the  following  articles  and  publications: 

"Electric  Control  of  Porosity,  ”  Modern  Plastics,  February  1951;  "Effect 
of  Weak  Betas  on  the  Breakdown  of  Dielectric  Gaps,  "  Nucleonics,  June  1951; 
"Electric  Control  of  Air-Flow  Porosity  in  Dielectric  Sheet  Materials,  " 
Transactions  of  the  ASMS.  January  1952;  "Transient  Analysis  of  Junction 
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Transistor  Amplifiers,  "  ?roc.  of  IRE,  September  1953)  "Transistor  Transient 
Response,  "  Tele -Tech,  November  1953;  "Transient  Response  of  the  Grounded- 
Base  Transistor  Amplifier  vith  Small  Load  Impedance,  "  Journal  of  Applied 
Physics,  November  1953)  "Transient  Response  of  Selective  Networks  and 
Impulse  Noise  in  Narrow-Band  F.M.  Receivers, "  1954  Convention  Record  of 
the  IRE,  March  1954;  "Relay  Properties  of  the  Double-Base  Diode,  "  Airborne 
Electronics  Digest,  May  1954;  "Steady  State  Solution  of  the  Two-Dimensional 
Diffusion  Equation  for  Transistors,  "  Journal  of  Applied  Physics,  July  195^) 
'Effect  of  a  Transverse  Electric  Field  on  Carrier  Diffusion  in  the  Base 
Region  of  a  Transistor,  "  Journal  of  Applied  Physics,  August  1954; 
"Double-Base  Expands  Diode  Applications,  "  Electronics,  March  1955) 
"Low-Frequency  Circuit  Theory  of  the  Double-Base  Diode,  "  IRE  Transactions 
ED,  April  1955;  "Semiconductor  Diode  Multivibrators,  "  Proc.  of  IRE,  July 
1955;  "Transistors  General  Multiwavefoms,  "  Electronics,  July  1955)  "Impulse 
Noise  in  Narrow-Band  F.M.  Receivers,  "  Communications  and  Electronics,  AIEE, 
September  1955)  "Two  Terminal  Analysis  of  Transistor  Multivibrators,  " 

Trans,  of  PGCT,  Vol.  CT-3,  March  1956)  "Circuit  Properties  of  the  PNPN 
Transistor,  "  Proc.  of  National  Conference  on  Aeronautical  Electronics,  May 
1956;  "Small-Signal  Wave  Effects  in  the  Double-Band  Diode,"  Trans,  of  PGED, 
Vol.  ED-4,  January  1957;  "Design  of  Junction  Transistor  Flip-Flops  by 
Driving  Point  Impedance  Methods, "  1957  IRE  National  Convention  Record. 

March  1957;  "Temperature  Characteristics  of  the  Transfluxor,  "  IRE  Trans . 
POF.n,  April  1957;  "Multihole  Ferrite  Core  Configurations  and  Applications,  " 
Proc .  of  IRE,  August  1957 ;  "Transient  Response  Characteristics  of  Uni¬ 
junction  Transistors,  "  Trans .  of  PGCT,  Vol.  CT-4,  No.  3,  September  1957; 
"Gamma-Ray  Monitor  has  High  Reliability, "  Electronics,  November  1957; 
"Digital  Analogue  Converter  Provides  Storage,  "  Electronics.  December  1957) 
and  "Transistor  Monostable  Multivibrators  for  Pulse  Generation, "  Proc .  of 
IKE,  June  1953 . 
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APPENDIX  B-l 


Long  Term  Versus  Short  Term  Reliability  of 
Circuits  and  Systems. 

(a)  Introduction. 

Relability  of  Systems  and  Circuits  depends  upon  such  factors  as 
component distributions,  cooling  arrangements  and  design  tolerances.  In  the 
following  a  new  approach  to  the  design  of  reliable  circuits  and  systems  will 
be  described.  The  new  approach  shows  how  circuit  reliability  may  be  optimized 
in  terms  of  the  above  factors,  and  shows  when  it  is  necessary  to  resort  to 
redundancy. 

Systems  and  circuits  fail  due  to  drift  or  catastrophic  failure  of 
the  components;  the  word  component  is  here  used  in  its  widest  sense.  If 
circuits  are  worst-case  designed  for  large  component  tolerances,  protection 
is  obtained  against  failures  due  to  component  drift.  Design  for  large  component 
tolerances  unfortunately  leads  to  low  resistor  values  and  high  circuit  temperature. 
The  catstrophic  failure  rate  of  components  per  1000  hours,  Xc>  increases  with 
circuit  temperature.  It  Is  thus  seen  that  the  most  reliable  circuit  is  the  circuit 
which  is  designed  so  that  P(s)  has  been  maximized.  P(S)  is  the  joint  probability 
of  the  circuit  not  failing  due  to  drift  of  components  and  not  having  catastrophic 
component  failures.  * 

It  should  be  realized  that  P(S)  is  time  dependent.  The  term  "most 
reliable  circuit"  is  meaningful  only  when  it  has  been  specified  at  which  time 
or  over  which  time  interval  the  circuit  should  be  reliable. 

On  the  next  pages  the  following  problem  will  be  solved:  how  Is  P(s) 

maximized? 

(b)  Component  Distributions. 

It  is  assumed  that  all  probability  distribution  curves  are  known  for 
all  circuit  component  parameters  as  functions  of  time  and  temperature.  To 
simplify  the  following  description  let  it  be  assumed  that  all  distributions  are 
truncated. 
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(c)  Worst-Case  Design  of  N  Circuits. 

Due  to  our  knowledge  of  the  component  distributions  ve  can  worst-case 
design  circuits  which  at  any  specified  time  or  time  interval  has  P(D)  -  1  for  the 
temperature  ranges  Tq  to  T^,  Tq  to  • . .  and  Tq  to  T^  _  Tq  <  <  • • •<  _ 

p(D)  is  the  probability  that  a  circuit  does  not  fail  due  to  drift  of  components  at 
the  specified  time.  Let  it  also  be  assumed  that  we  have  designed  a  circuit  which  has 
p(D)  =  1  for  just  the  reference  temperature  Tq.  All  N  circuits  use  the  same  cooling 
arrangement,  power  supplies  and  types  of  components;  all  N  circuits  are  designed 
so  that  they  can  drive  the  same  load. 

Notice  that  if  the  distributions  have  "tails",  we  do  not  obtain  P(D)  ■  1 
for  any  circuit.  This  is  why  the  assumption  of  truncated  distributions  simplifies 
the  description. 

The  total  number  of  designed  circuits  is  N.  To  facilitate  the  following 
description  let  it  be  assumed  that  100  copies  are  built  of  the  "Tq  to  T^"  -circuit, 
100  copies  are  built  of  the  "To  to  T2"  -circuit,  etc.  The  total  number  of  circuits 
built  is  100  N. 

(d)  P(D)  as  a  Function  of  Temperature. 

If  the  temperature  of  all  100  N  circuits  are  maintained  at  Tq  obviously 
none  of  the  circuits  would  fail  due  to  component  drift.  If  the  temperature  is 
raised  to  T1  some  of  the  100  circuits  which  were  designed  to  operate  at  Tq  will 
f.ail.  None  of  the  remaining  100  (N-l)  circuits  will  fail  due  to  component  drift. 

If  the  temperature  of  all  100  N  circuits  is  raised  to  T2,  most  of  the  first  100 
circuits  will  fail,  some  of  the  next  100  circuits  will  fail,  and  none  of  the  last 
100  (N-2)  circuits  will  fail  due  to  component  drift,  etc. 

Let  be  a  general  expression  for  T  .  T.  . . . . ,  and  Tjj  _  The  worst- 

case  design  temperature  range  Is  then  Tq  to  T^.  Figure  1  shows  P(D)  versus 

"T  to  T  ".  Such  S-shaped  curves  have  been  obtained  by  computer  simulation  as 
ox 

described  in  paragraph  (e) - 
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P(0) 


P(D),  THE  PROBABILITY  THAT  A  CIRCUIT  DOES  NOT  FAIL  DUE  TO 
DRIFT  OF  COMPONENTS.  THE  CURVES  SHOWN  WERE  OBTAINED  BY 
ACTUAL  COMPUTER  SIMULATION  OF  CIRCUIT  FAILURE. 

FIGURE  I 
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(e)  Computer-Simulation  of  Circuit  Failure. 

The  question  of  whether  a  circuit  will  work  with  a  certain  set  of  true 
component  values  may  be  decided  by  substituting  the  true  component  values  in  some 
set  of  inequalities.  It  is  assumed  that  if  and  only  if  all  inequalities  are 
satisfied,  the  circuit  will  work  with  the  set  of  true  values  in  question.  We 
write  down  the  N  sets  of  inequalities  corresponding  to  the  N  circuits. 

(1)  We  choose  at  random  true  values  of  the  components  corresponding  to  Tq 
distributions,  and  substitute  these  values  into  the  N  circuits.  This  is  repeated 
a  large  number  of  times  and  it  is  seen  that  all  N  sets  of  inequalities  always  are 
satisfied.  The  reason  being  that  all  N  circuit  designs  were  determined  so  that 
they  would  work  satisfactorily  at  temperature  T  . 

We  draw  the  horizontal  line  through  P(D)  =  1  on  Figure  1,  and  mark 

the  line  T  . 

o 

(2)  We  choose  at  random  true  values  of  the  components  corresponding  to  the 
^-distributions,  and  substitute  these  values  into  the  N  sets  of  inequalities. 

It  is  seen  that  the  N-l  circuits  designed  for  the  temperature  ranges  Tq  to  T^, 

Tq  to  T2,  etc.  all  hold  up.  The  first  circuit,  which  was  designed  to  work  only 
at  Tq  will  fail  in  many  instances,  it  has  a  P(D)  which  is  less  than  one.  We  draw 
the  curve  T^  on  Figure  1. 


(3)  The  simulation  is  repeated  using  true  component  values  corresponding  to 
the  Tg-distribution,  T^-distribution,  etc.  We  draw  the  curves  T  ,  T.,,  etc.  on 


Figure  1- 
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(f)  Power  Dissipation,  W,  versus  "To  to  T^" 

Next  the  power  dissipation,  W^,  W^ f  etc.  to  W^  ,  of  each  of  the  N  circuits  is 

computed.  It  will  be  found  that  W  increases  very  rapidly,  almost  exponentially,  with 

"T  to  T  ".  Figure  2  shpws  W  as  a  function  of  "T  to  T  ", 

OX  '  ox 
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POWER  DISSIPATION  W  AS  A  FUNCTION  OF  "T0TOTx", 
THE  TEMPERATURE  RANGE  FOR  WHICH  A  CIRCUIT  IS 
WORST -CASE  DESIGNED. 


FIGURE  2 


(g)  The  Operating  Temperature  of  a  Circuit,  T  . 

For  a  given  cooling  arrangement  each  of  the  N  circuits  will  arrive  at  some 
temperature  -  equilibrium  when  the  circuit  has  been  operating  for  some  time. 

To  avoid  discussions  of  circuit,  worst-case,  surface,  skin,  maximum,  ambient, 
and  hottest-point  temperature,  let  this  temperature  be  called  the  operating  temper¬ 
ature.  A  definition  of  Tor)  will  depend  upon  the  circumstances,  and  is  immaterial  for 
the  following  description.  Tq^  may  be  computed  by  some  expression  similar  to: 

T  =  W  x  Constant  +  T  (l) 

op  o 

where  the  constant  will  descrease  with  better  cooling  arrangements  and  lower  packing 
densities. 

Equation  (l)  states  that  T  is  a  function  of  W,  and  consequently  also  a 
function  of  "T  to  T  ",  see  Figure  2 .  T  as  a  function  of  "T  to  T  "  is  shown 
on  Figure  3-  This  curve  is  very  important  as  it  links  the  maximum  temperature  T^ 
for  which  a  circuit  was  worst-case  designed  to  the  natural  temperature  of  the 
circuit.  The  curve  will  be  used  twice:  first  to  find  P(D)  as  a  function  of 
"T  to  T  ",  see  paragraph  (i),  and  secondly  to  find  the  catastrophic  failure  rate, 
see  paragraph  (j)  and  Figure^.  The  curve  is  referred  to  as  the  T  =  F("To  to  T^") 
curve,  and  its  location  depends  upon  the  constant  from  Equation  1. 

(h)  The  b^  line,  T  =  T  . 
v  x  ’  x  op 

Next  the  curve  T^  -  T_^  is  added  to  Figure  3-  The  curve  is  helpful  in  so  far 
that  it  facilitates  the  following  description.  When  Equation  1  has  the  simple  linear 
form  which  was  assumed  in  the  previous  paragraph  the  curve  becomes  a  ^5°  line. 

Notice  that  a  circuit  which  has  been  worst-case  designed  to  work  at  reference 

temperature  Tq  only,  always  has  a  natural  temperature  which  is  higher  than  the  reference 

temperature.  See  Equation  1.  The  reference  temperature  is  often  room  temperature. 

Consequently,  the  F("T  to  T  ")  -  curve  will  lie  above  the  Us°  line  for  T  =  T  . 

ox  x  o 
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THE  OPERATING  TEMPERATURE  Top  AS  A  FUNCTION  OF 
"T0  TO  Tx",  THE  TEMPERATURE  RANGE  FOR  WHICH  A 
CIRCUIT  IS  WORST-CASE  DESIGNED. 

FIGURE  3 


/ 


16± 


Also  notice  that  for  sufficiently  high  values  of  T  ,  the  natural 

X 

temperature  of  a  circuit  is  higher  than  the  maximum  temperature  for  which  the 
circuit  was  worst-case  designed.  Consequently  the  F("To  to  T  ")  curve  will  lie 
above  the  45°  line  for  high  values  of  T  . 

The  45°  line  may  or  may  not  intersect  the  F("T  to  T  " )  curve  depending 

O  X 

on  the  value  of  the  Constant  in  Equation  1.  The  Constant  depends  upon  cooling 
arrangements,  packing  densities,  ele.  as  stated  in  paragraph  (g) . 

(i)  The  F  curve  and  the  4^°  line,  Three  Possibilities. 

Figure  4  illustrates  the  three  possible  locations  of  the  F(:,Tq  to  T  ") 
curve  with  respect  to  the  45°  line.  If  Tq^  of  a  circuit  falls  in  the  temperature 
range  for  which  the  circuit  was  designed,  P(D)  is  1.0  for  the  circuit.  If  Tq^  of 

a  circuit  is  above  the  temperature-range  for  which  the  circuit  was  designed,  P(d) 
may  be  less  than  1.0.  The  actual  value  of  P(D)  may  be  found  by  interpolation 
between  the  T-curves  of  Figure  1.  In  this  way  the  three  figures  in  the  lower 
half  of  Figure  4  were  obtained. 

From  the  curves  of  Figure  4  we  can  now  answer  the  questions  of  how  P(d) 
for  a  circuit  depends  upon: 

(1)  the  temperature  range  for  which  the  circuit  was  worst-case  designed 

(2)  the  cooling  arrangement 

(j)  The  Catastrophic  Failure  Rate 

Information  is  available  in  the  literature  indicating  the  catastrophic 

failure  rate  per  1000  hours  of  the  components  as  a  function  of  temperature  and 

actual  power  dissipaticn  Figure  5  shows  hr-  r.ush  curves  may  look  for  composition 
rated  power  dissipation 

resistors.  From  such  information,  X,  the  catastrophic  failure  rate  per  1000  hours 
for  each  circuit  can  be  computed. 

Notice  that  with  increasing  values  the  following  factors  will  increase: 

W,  T  and  X. 

’  op 
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EFFECTIVE 

COOLING 


MEDIUM 

COOLING 


LITTLE 

COOLING 


P(D)  X  P(D)  P  (D) 


INFLUENCE  OF  THE  COOLING  ARRANGEMENTS  UPON  P(D) . 
THE  VALUE  OF  THE  CONSTANT  IN  EQUATION  I  WILL  DECREASE 
WITH  IMPROVED  COOLING  OF  THE  N  CIRCUITS. 


FIGURE 


4 
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FAILURE  RATES  FOR  VARIABLE  COMPOSITION 

FIG 


(k)  Success-Probability  P(S)  of  a  Circuit  as  a  Function  of  Time. 

As  stated  is  paragraph  (c)  the  probability  at  some  specified  time  of  a 
circuit  not  having  failed  due  to  drift  of  its  components  is  called  P(D).  The 
probability  of  a  circuit  not  having  failed  due  to  catastrophic  component  failures 
at  time  t  is  e  The  probability  that  the  circuit  still  works  at  the  specified 

time  is  consequently: 

P(S)  =  P(D)  e‘At 

Figure  6  shows  P(S)-curves  for  k  circuits  designed  with  different 

"T  to  T  "  -values.  Notice  that  the  "T  to  T_ "-curve  and  the  "T  to  T  "-curve 
ox  03  00 

intersect  at  about  70,000  hours.  Moreover,  the  curve  with  the  smallest  X  -value, 
the  "Tq  to  TQ"-curve; intersects  all  curves  which  have  a  higher  P(S)-value  at 
t=0.  This  indicates  the  importance  of  time  in  reliability  considerations. 

(l)  Success-Probability  P  (s)  of  a  System  as  a  Function  of  Time 

s 

From  the  curves  of  Figure  6  it  is  possible  to  compute  the  success- 

probability  P  (S)  of  systems  built  of  circuits,  each  system  using  circuits  designed 
s 

with  the  same  "T  to  T  "-value.  Figure  7  shows  two  such  P  (S)-curves.  Notice 
ox  s 

that  the  average  of  P  (S)  over  any  interesting  time-interval  may  be  found  from 

5 

Figure  7  by  integration. 

(m)  Conclusions  / 

1*  is  from  curves  like  those  of  Figure  7  that  it  may  be  decided  which 
syctem  is  most  reliable  and  when  redundancy  is  necessary. 

From  the  curves  the  following  may  be  seen: 

(l)  If  the  circuit  components  have  narrow  tolerances,  the  worst  case  designed 

circuits  will  have  smaller  W-values  (less  power  dissipation)  and  lower  T  -  Lower 

T  means  a  higher  P(D)-value  and  a  smaller  X  ,  both  of  which  tend  to  increase  P(S), 

see  Equation  (2),  and  thereby  P  (s).  Thus,  system  < “bi lity  is  increased  by  use 

s 

of  components  with  narrow  tolerances. 

(2)  Both  improved  cooling  and  low  packing  density  will  reduce  the  value 
of  the  Constant  in  Equation  (l)  and  thus  lover  which  is  desirable,  see 

Equation  1.  After  the  circuits  have  been  manufactured  they  are  inspected.  If  each 
circuit  is  tested  at  its  natural  temperature,  the  1  -  P(S)t  =  q  circuits  which  do 
not  work  at  t  *  0  will  be  detected  and  discarded.  The  success-probability 


1000  HOURS 
^  LIFE  of 
CIRCUIT 


P<S,  FOR 

Ss^h,c°hBTcons?,tute  the  system. 


1000  HOURS 
LIFE 


PROBABILITY  THAT  THE  SYSTEM  WILL  NOT  FAIL,Ps(S), 
AS  A  FUNCTION  OF  THE  SYSTEMS  LIFETIME. 


FIGURE  7 


of  each  of  the  remaining  circuits  which  are  used  in  the  system  then  is 


P(s)  =  P(D)  e‘Xt/P(S)t  =  0 


Thus  testing  of  each  circuit  further  increases  the  system  reliability. 
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APPENDIX  3-2 


CIRCUIT  DESIGN 


PART  A.  THE  DESIGN  EQUATIONS  AND  THEIR  SOLUTIONS 
■LA*  -^C2^max---nd  ^CBQ 

The  following  equations  assume  that  transistor  T^  is  turned  off,  and 

transistor  T2  is  turned  on,  see  Figure  1  .  Equation  (1)  expresses  that 

the  junction  temperature  is  the  sum  of  the  ambient  temperature  and  the 

temperature  rise  caused  by  the  power-dissipation  in  the  transistor.  As 

the  power  dissipation  goes  up  with  increasing  collector  current,  the 

decreasing  I-0  is  determined  by  Equation  (l) . 

\jc  max 

Equation  (2)  expresses  that  an  8°C  increase  in  junction  temperature 
will  double  the  leakage  current  IC0O  of  the  tumed-off  transistor.  This 
is  a  common  rule  of  thumb.  When  a  transistor  has  been  driven  with  1^ 
and  then  is  turned  off,  in  the  first  moment  I^q  will  have  its  highest 
value.  It  is  this  value  of  ICqq>  we  obtain  from  Equation  (2).  When 
Ip2  is  known,  Iqqq  is  determined  by  (2) . 


P JUNCTION,  MAX  “  TAMB,  MAX  *  K  X  V2  X  (W  MAX  * 


T  „  (r  \  v  p  TAMB.  max~troom  v  [kv2  jc; 

^CBO  V-CBO,  MAX-'  ROOM  TEMP,  -Ec  x  £  8  ]  x 


;  (2) 


IB.  I^^  as  Parameter  • 

A  typical  beta  versus  collector  current  curve  for  the  2N396 
transistor  is  shown  in  Figure  2  .  We  will  use  I__  as  the  dependent. 

C  c 
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AMBIENT  TEMPERATURE  OF  25°CfAND  V». 2  VOLTS 


Ic2  is  the  current  from 


variable  in  the  calculations  of  G_,  G„.  G,  and  G, 

's  collector  when  Tg  is  turned  on.  This  approach  has  the  following  advan¬ 
tages  : 

(a)  (lpo)„.v  may  readily  be  calculated  from  Equation  (l).  Typical 

MAX 

test  values  of  I_«  called  I  ,  I.  ,  I  ,  etc.,  are  chosen  and 
C2  a’  b’  c’  ’ 

each  is  stored  with  the  B  value  which  corresponds  to  the 

min 

current  and  to  =  -  Vg.  The  minimum  gain  values  are  called 

0a,  &b,  0O,  ete.  In  this  way  we  include  dependence  on 

1^2  in  our  calculations . 

/ 

(b)  Ic2  appears  in  the  exponential  expression  for  I^q,  see 
Equation  (2).  The  equation  system  (2),  (3),  (U),  (5),  (6) 
determine  Gg,  GK,  G1>  Gg,  1^  and  Ic2  when  one  of  the  six 
values  is  known.  By  using  Ic2  as  parameter,  we  avoid  solving 
a  transcendental  equation. 


Notice  that  the  following  inequalities  which  determine  (gg,  g^,  g  , 
gp)  =  (Gg,  Gk,  G^,  G2)  all  refer  to  the  flip-flop,  figure  1,  when  unloaded. 


1C .  Inequality  (3) 

To  keep  T^  turned  off,  the  transistor  muBt  receive  the  base  current 
^CBO"  ^ee  Pigure  ^e  assume -V2  =  -  V^.  1^  is  the  largest  current  which 

will  leak  out  at  maximum  ambient  temperature  through  the  trigger  circuitry 

ef  the  ei*f‘tffth§l8t6P*  We  &§§une  that  the  trigger  circuit  la  etmheeted  to 

the  base  of  the  transistor. 


stays  turned  off  when  inequality  (3)  is  satisfied.  It  will  here 
be  necessary  to  illustrate  by  an  example  the  nomenclature  used  in  the 
following:  If  a  conductance  (or  supply  voltage)  has  the  nominal  value  gg 
(or  Ec)  we  will  express  the  lower  limit  for  the  true  value  of  the  con¬ 
ductance  (or  supply  voltage)  as  gg  ^6gB^L  ,0r  EC  '  451(1  hiBher 

limit  for  the  true  value  as  gg  or  Ec  (6exPh  *  ^L"  Vtt^Lue8  ar® 

usually  less  than  1.  (b),,,  values  are  usually  more  than  1. 

When  the  tolerances  are  taken  into  consideration,  inequality  (3a)  has 

to  be  satisfied  to  keep  T1  turned  off. 

/ 

‘  V{|  '  «k  [V7]  2.W  V  W 
%  <V  t  (1/V  [\  (Wl  •  v3]  -  [v3  +  V?1  -  w  v 

(5a) 

ID.  Inequality  (4) 

To  keep  Tg  turned  on,  the  coupling  conductance  must  accept  at  least 
the  current  of  Ic2/0  fro®  Tg’s  base.  This  is  expressed  by  inequality  (4). 

When  the  tolerances  are  taken  into  consideration,  we  will  insist  that 
the  (conservative)  inequality  (4a)  is  satisfied.  Notice  that  the  inequalities 
(3)  and  (4),  or  (3a)  and  (4a)  determine  gg  and  g^.  gg  and  are  determined 

independently  of  g^,  gg  and  as  could  be  expected  from  circuit  considerations. 

-  %  [*»  *  4  [Ti  -  vs]  2  IT  *  W 

-«B  <Vh  (6g>  [*B  (VH  4  V3  4  (V’l  CT1  -  v2]  2  V9;  (W) 
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The  inequality  shows  the  constraints  imposed  upon  g^,  when  should 
be  kept  less  than  -  V^*  When  g^.  has  been  determined  from  (3)  aftd  (*0, 
g^  may  be  determined  from  (5)- 

When  the  tolerances  are  taken  into  account,  inequality  (5a)  should  be 
satisfied. 


«1  [Ec  -  VJ 

-  %[V1  -  va]  2;  ^cbo 

(5) 

ei  l  h  "  VJ 

®K  ^BgK^  H  bl  "  V J  -  *CBO 

(5a) 

We  want  to  chogee  gg  so  that  the  parameter  value  of  Ic2  is  the  largest 
possible  collector  current  from  T2 • 

If  we  do  not  design  this  way,  the  minimum  IB2  which  is  capable  of 

keeping  T2  turned  on  could  be  larger  than  the  foreseen  I^/p.  When  g^  is 

known,  be  determined  from  (6). 

Without  tolerances,  we  obtain  inequality  (6).  When  the  tolerances 
are  taken  into  account,  we  arrive  at  inequality  (6a). 

*2  [EC  '  ^  -gK  [V3  +  V2],  -  JC2  ;  ^ 

*2  (ftg>H  [EC  <V  H  -  V2]  *  ®K  V'L  [V3  4  V2]  *  IC2J  (6a^ 
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1G .  Solving  the  Equation  System 


In  this  appendix  we  solve  the  problem  of  finding  gg,  gj,,  g^  and 

from  the  five  expressions  (2),  (3a),  (^a),  (5a)  and  (6a)  for  some  value 

of  the  parameter  I„„  and  its  associated  B  .  .  The  solution  is  called 

min 

(Gg,  Gj^,  G^,  G^).  It  is  assumed  that  the  nineteen  .constants  which  appear 
in  the  five  expressions  all  are  known. 

In  this  appendix  we  are  not  concerned  about  whether  the  four  conduct- 
ances  are  available  values  or  not.  We  can  therefore  use  the  equal  sign  in 
the  inequalities  (3a),  (4a),  (5a)  and  (6a),  and  consider  &r  equal  to  1. 

In  this  way  we  obtain  the  smallest  conductance  values. 

The  steps  are  as  follows.  Find  ICE0  from  (2).  Find  (gg,  g^)  = 

(Gg»  GK^  fr°m  and  (4a) .  Find  g-j^  =  G1  from  (5a).  Find  ^  a  G2  from 

( 6a) .  All  four  conductances  obviously  should  be  positive  to  make  the  f  lip- 

/ 

flop  realisable.  The  five  expressions  therefore  show  the  relationships 
between  the  nineteen  constants  which  must  be  fulfilled  to  obtain  realizable 
flip-flop  configurations 
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There  are  four  modes  under  which  the  program  can  operate: 

1.  Compute  preferred  conductances,  and  execute  one  design. 

2.  Compute  preferred  conductances,  and  execute  more  than 
one  design. 

5.  Enter  preferred  conductances,  and  execute  one  design. 

h.  Enter  preferred  conductances,  and  execute  more  than  one 

design. 

The  required  input  data  differs  among  modes  as  will  be  described 

below. 

First  will  be  described  the  operation  of  the  program  under  mode 
No.  1,  since  the  remaining  modes  are  the  results  of  minor  modifications 
of  this  mode. 

Mode  No.  1 

The  input  data  required  for  mode  no.l  are  listed  below.  They 
are  grouped  into  three  classes  denoted  A,  B,  and  C,  corresponding  to 
the  three  classes  of  subscripted  variables  A(l),  B(l),  and  C(l)  by  which 
they  are  identified  in  the  program. 

A(l)  -  A(40).  Values  of  P(l).  In  general,  there  will  be 
fewer  than  40  valuesj  the  exact  number  is  given  by  one  of  the  B(l) 
data,  B(38). 

B(l)  -  B(Uo).  The  meanings  of  these  numbers  are  given  below. 
B(l)  and  B(2)  are  not  referred  to  in  the  program,  but  must  be  included 
as  part  of  the  input  to  maintain  a  proper  format. 


1?6 


Not  used 


B  (1) 

B  (2) 

B  (3) 

E  Min 
c 

B  (4) 

E  Max 
c 

B  (5) 

'  EgMin 

3  (6) 

EgMax 

B  (7) 

VT 

B  (8) 

V 

B  (9) 

V1 

B(10) 

V2 

B(ll) 

v3 

B(12) 

VFD 

B(13) 

IcBO 

B(l4) 

IDMaX 

B(15) 

1^  on 

B(l6) 

I1  off 

B(17) 

I2  on 

B(18) 

I2  off 

B(19) 

+6  A 
g+ 

B(20) 

+6 

g- 

Not  used 

-  Minimum  value  of  collector  supply  voltage 

=  Maximum  value  of  collector  supply  voltage 

=  Minimum  value  of  base  return  voltage 

=  Maximum  value  of  base  return  voltage 

=  Minimum  trigger  amplitude 

*  Minimum  slope  of  trigger  pulse  rise  time 

=  Minimum  absolute  difference  between  "OFF" 
collector  voltage  and  ground 

=  Maximum  absolute  difference  between  "ON" 
collector  voltage  and  ground 

=  Absolute  value  of  V  when  transistor  starts 
to  conduct 

=  Forward  voltage  drop  of  trigger  diode 

=  Maximum  transistor  leakage  current  at  room 
temp,  and  end  of  life 

=  Maximum  diode  leakage  current  at  maximum 
ambient  temp,  and  end  of  life 

=  Maximum  external  load  current  at  when  the 
transistor  is  conducting 

/-  Maximum  external  load  current  at  when  the 
transistor  is  turned  off 

=  Maximum  external  load  current  at  when  the 
transistor  is  conducting 

=  Maximum  external  load  current  at  T  when  the 
transistor  is  turned  off 

=  Maximum  expected  ratio  conductance  increase  to 
nominal  value  at  end  of  life  and  temp,  extremes 

=  Maximum  expected  ratio  of  conductance  decrease 
to  nominal  value  at  end  of  life  and  temp,  ex¬ 
tremes 
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B(21) 

B(22) 

+B  S/2+ 
+5  S/2_ 

The  average  ratio  of  the  difference  "between 
=  two  adjacent  standard  conductance  values  di¬ 
vided  by  their  sum 

B(23) 

+&  . 
c+ 

=  Maximum  expected  ratio  of  capacitance  in¬ 
crease  to  nominal  value  due  to  tolerance, 
aging  and  temp. 

B(2l|) 

+6 

c- 

=  Maximum  expected  ratio  of  capacitance  de¬ 
crease  to  nominal  value  due  to  tolerance, 
aging  and  temp. 

B(25) 

C 

c 

=  Collector  capacitance  maximum,  of  the  tran¬ 
sistor  type  used  in  the  circuit  (common  base) 

B(26) 

cu 

«  Load  capacitance  in  shunt  with  collector  of 

B(27) 

CI2 

*  Load  capacitance  in  shunt  with  collector  of 

B(28) 

RS 

«  Trigger  generator  source  resistance 

B(29) 

P 

*  Maximum  trigger  rate  at  which  the  flip  flop 
must  operate  (pulses  per  second) 

B(30) 

K 

-  Inverse  of  transiBtor  derating  factor  (°C/WAIT) 

B(31) 

ta 

«  Maximum  component  part  ambient  temp.  (°C) 

B(32) 

tr 

»  Room  temperature,  normally  25*C 

B(33) 

a  Common  emitter  cutoff  frequency  (rad ./sec.) 

B(JU) 

ws 

«  Inverse  of  carrier  storage  factor  (l/sec.) 

B(35) 

Ts 

a 

B(36) 

>  Number  Res.  Values 

B(37) 

■  >  0  -►  call  dump 

B(38) 

a  Number  p  Values 

B(39) 

■  pos  *  continue  next  design 

B(k>) 

a  heg  >  skip  computation  of  preferred  conduc- 

tances 
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(2’)  E(I)  =  B(I3)-E3CP2 


B(51)  +  B(30)-B(10)-C(I)  -  B(32) 


(3)  & 


:1  L  P 


(1  -  &s)(l  -  &B, 


■/2)(er 

TON 


-  V  ^ 

VT  / 


+  (1  +  6gKl  "  6S/2)(\UX  +  ''2>'(IcB°M«t1  + 


t  [  (i  -  &e)2d  -  &s/2)(el  -  v  )(v  -  V 

L  MIN  J 

-  (1  +  6g)2-(l  +  8s/2)»(Vg  +  V3)*(EBmax  +  V  j 

y)  rn/rvir  1 

q(i,i)  =  *  (1  “  B(20))^1  -  b(22))-(b(5)  -  B(ll)) 


+  (1  +  B(19))-(1  +  B(2l))*(B(6)  +  B(10))*(E(I)  +  B(l4)) 


i  (1  -B(20))2-(l  -  B(22))(B(5)  -  B(ll))(B(9)  -  B(lO)) 


(1  +  B(I9))2-(1  +  B(21))(B(10)  +  B(11))*(B(6)  +  B(lO)) 
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B(39)  and  B(4o)  are  negative  for  Mode  No.  1  operation. 

C(l)  -  C(4o).  Values  of  I„  .  These  are  in  one-to-one 

C2 

correspondence  with  A(l)  -  A(Uo);  this  correspondence  gives  3  as  a 

function  of  I„  . 

°2 

ZRES(l),  1=1,  B(36).  These  are  the  values  of  the  lower  de¬ 
cade  of  standard  resistances  that  are  to  be  used  in  the  design.  The 
next  three  higher  decades  of  corresponding  conductances  are  generated 
by  the  program,  and  the  four  decades  held  in  memory. 

Note  that  the  number  of  values  in  one  decade,  and  the  number 
read  into  the  program  must  be  specified  by  the  constant  B(36).  (This 
constant  is  relabeled  IB  in  the  program.) 

In  the  description  that  follows,  each  equation  is  written 
twice,  first  using  symbols  which  are  used  also  in  "Computer  Design 
Programs"  cited  on  page  1,  and  second  using  symbols  assigned  by  the 
program;  knowledge  of  this  second  set  of  symbols  is  necessary  only  if 
it  is  desired  to  investigate  the  contents  of  the  memory  after  running 
a  design. 

I. 

A.  Compute  a  list  of  standard  conductance  values  as  noted  above. 
These  values  are  denoted  by  the  subscripted  variable  G(l). 


B. 


Compute 


(V) 

(2) 
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TKEP  is  set  equal  to  the  input  constant  B(58);  the  six  expres¬ 
sions  listed  above  are  evaluated  for  I  =  1,2,...,  IREP. 


C.  Determine  all  standard  conductance  values  between 

(l)  g  and  g 

Ki  i  +  1 

y 


(1* )  Q(l,l)  and  Q(l,I  +  l) 


for  1=1,  IREP  -  1 


(2) 


These  values  are  denoted  by 
.  etc . 


Gjf  >  > 

Kil  Ki2 


In  the  program  the  set  of  values  (2)  are  identified  as  the  se,t 


of  G(l)'s  that  range  from  G 


:)  thr 


Kl(l)  through  Gj 


K2(I) 


where  the  subscripts 


here  correspond  to  the  lower-case  i's  in  (2). 


D.  Compute 


(1) 


Vi '  % 


g 


K 


-  g 


i+1 


K. 


(!’)  R(l, J)  for  1=1,  IREP  -  1  J  =  K  l(l),  K2(l)  . 


(1) 

g 


Compute 


(l1) 

S(2,I,J) 


(gR  -  gR  ) 

Bi+1  Bi  l 


® ir  ~  &K 

Ki.1  Ki 

Sy  ~  gj/ 
Ki+1  Ki 


+  g 


G[K1(I)  +  J]  -  Q(l,l) 


Q(2,I  +  1)  -  Q(2 


,d1  r — 

J  L  Q(1,I  + 


1)  -  Q(1,I) 


+  Q(2,I) 
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(4)  _  I, 


[  fl-[(i  * *)(  w]  * (1  •  »)(vi  •  v11'***; W 

1  [d  -  Bg)2(l  -  &s/2)(Eb^^  -  V5)(V1  -  Vg) 

-  (1  +  Bg)2-(l  +  Bs/2)(Vg  +  V3^EBmax+V2^] 


Q(2,I) 


•  (1  +B(19))(B(10))  +  B(ll)  +  (1  -  B(20))(B(9)-B(10))(E(I)+B(14) 
.£<1  -  B(20))2(l  -  B(22)(B(5)  -  B(ll))(B(9)  -  B(lO)) 

-  (1  -  B(19))2.(1  +  B(21))(B(10)+B(11))(B(6)  +  B(lO))J 


cbo_  +  ak  ♦(1+*)(vi"  V’*. 


- MAX,  MAX 

V  - 1 - 


(1  -  Bg)(E  -  V  ) 
MIN  1 


Q(5,I) 


+  l  + 


(1  -  B(20))-(B(3)  -  B(9)) 


’V 


\  *  (1  -  6e)(V2  +  V3)eK, 


(1  +  Bg)(E.  -  V  ) 
MAX  2 


Q(4,i) 


C(l)  +  (1  -  B(20))(B(10)  +  B(11))-Q(1,I) 
(1  +  B(19))(B(U)  -  B(lO) ) 
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(2) 


gl 

IJ 

'  (%ii  •  % : 

(2’) 

S(3,I,J) 

*  (Q(3jl  +  l)  - 

(3) 

J 

«2 

ij 

-  (gp  -  gp  ) 

^i+l  1 

/ 

(3’) 

S(M,J) 

-  (q(4,I  +  1)  - 

for  I  ■  : 

1,  IREP  -  1, 

F.  Determine  i 

(1) 

% 

(l1 ) 

S(2,I,J) 

Denote  this  as 

(2) 

% 

(2’) 

T(K) 

& 


Ki+i 


G[K1(I)  +  J]  -  Q(1,I) 

Q(1,I  +  1)  -  Q(1,D 


]  Q(3, 


I) 


* 


i+1 


g[ki(i)  +  j]  -  q(i,i) 


r  ■ 

b1))  — - 

L  Q(1,I  + 


1)  -  Q(ljl) 


]  +  Q(M) 


There  are  intermediate  stages  of  computation  involving  changes 
of  variable  which  cause  the  sets 


(3) 


Gj,  »  Gp  »  Si  t  Rp  1  ' 

L  B1J  J 


18b 


(4’) 


B(18) 

E6  =  E3  + - 

B(3)  -  B(9) 


Select  the  next  larger  standard  conductance, 


(5) 

(5') 

such  that 

(6) 


y  >  gl  + 


y 

YL 

[2 

^OFF 


a,b  E_  -  V 
CMIN  1 


(6') 


YL  >  E6 


C.  Check  tha£ 


(1) 


x  + 


ON 


E  -  V 
C  p 

MIN  d 


<  g. 


~a,b 


(!’) 


B(15) 

XL  + -  <  E4 

B(3)  -  B(10) 


If  not,  return  to  II, A, (3)  above,  and  use  the  next  larger  con¬ 
ductance  set.  Otherwise 


D. 


Check  that 

I, 


(1) 


y  + 


-on 


EcMIn"  V2 


<  Sr- 


a.b 


(r) 


YL  + 


B(17) 


B(3)  -  B(10) 


<  eu 
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for  which  g_  -  g.  is  greater  than  both  £g..  and  is  chosen,  and 
^ij  Xii  1  ^ 


denoted  by 

(4) 


f  °K  '  °B  '  S1  '  S2  .  j 
t  a,b  a/b  a,b  a,b  J 


(V) 


[E  1,  E  2,  E  3,  E  4] 


B.  Compute 


(1) 


(l  * ) 


Si 


OFF 


a’b  E<k„-Vi 


E5  +  E5  + 


B(16) 


B(5)  -  B(9) 


Select  the  next  larger  standard  conductance. 


(2) 

•(2’) 

such  that 

(3) 


x 

XL 


x  >  s1  + 


OFF 


a,b  E  -  V 

Sun  . 


(31) 


XL  >  E5  . 


Compute 

(U) 


gi  + 


'OFF 


*’b  \»-vi 


1B6 


The  values 

(9) 


G_  and  G, 

D  l 


(9')  EPG(3 )  and  EPC(U) 

are  those  values  of  G_.  and  G  in  that  conductance  set 


which  fulfilled  all  the  above  requirements. 

Ill 

A.  Determine  that  value  of  I  for  which 

(1)  *C 

(l ' )  C(I) 

is  nearest  but  equal  to  or  greater  than  the  larger  of 

(2)  y  E  (1  +  5g)-x 

MAX 

(2')  B(U)(1  +  B(19))*EPG(1)  =  DT 

and 

(3)  E  (1  +  6g)  *y 

MAX 

(3’)  B(U) *[l  +  B(19)]*EPG(2)  =  D8 

Let 

(V)  D9  =  MAX  (D7,  D8) 

From  the  input  data  determine  the  corresponding  value  of  (3 

(5’)  A(I) 
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If  not,  return  to  II,  A,  (j)  above,  and  use  the  next  larger 
conductance  set.  Otherwise 

E.  Compute  and  print  out  the  last 


(1) 

X 

U') 

EPG(l) 

(2) 

\  -  V* 

(2') 

EPR(l)  -  ij; 

(3) 

y 

(3’) 

EPG(2) 

(k) 

%  ■  * 

(V) 

EPR(2)  =  ij- 

(5) 

CB 

(5')  • 

EPG(3)  -  E2 

(6) 

"b  ■  k 

(61) 

/  EPR(3)  =  ^ 

(7) 

°K 

(7') 

EPG(4)  -  El 

(8) 

"k  *  ^ 

(8’) 

EPRW  .  ^ 
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B. 

(1) 

(1’) 

(2) 


(2') 

(3) 


(3’) 

check  that 

w 

(V) 

If 

conductance 

(5) 

(5’) 


✓ 


Compute 


\ax  -P(Gb  +  V 
CIQ  *  TW9 7  (E2  +  EL) 


\n<i 


£_  +  c  +A 

C  P 


C(I) 


CK21  = 


A(I)-B(33)*B(19) 


+  B(25)  + 


B(26) 

a(i) 


<\-vi 


c  +c  +  J* 

°  P 


C(I) 


CK22 


A(I)-B(33)*B(9) 


+  B(25)  + 


B(27) 

A(I) 


Cv  <  MAX  (C„  ,  C  ) 

“max  ^hn2 


CK1  <  MAX  (CK21,  CK22)  *  CK2 


not,  return  to  II,  A,  (3)  above,  and  select  the  next  larger 
set.  Otherwise,  print  out 


Cjf  >  Cj. 

«AX  pCN 
CO,  CK2 
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Mode  No.  3  operation  is  signalled  in  the  input  data  by 

a.  B(kO)  <  0,  which  causes  the  computation  of  prefer¬ 
red  conductances  to  be  skipped. 

b.  B( 39 )  <  0,  which  indicates  that  only  one  design  is 
to  be  executed. 

The  sequence  in  which  input  data  is  entered  is  identical  to 
that  for  Mode  No.  1  except  that  the  following  data  is  added: 

1.  One  card  with  a  number  which  indicates  the  number  of 
preferred  conductance  sets  that  are  to  be  read  in. 

This  number  is  called  KT  in  the  program. 

2.  The  preferred  conductance  sets  on  the  appropriate 
number  of  cards  in  the  following  order i 

i.  KT  values  of  g.  ,  3/ card 

Ki 

ii.  KT  values  of  gn  ,  3/ card 

Bi 

ill.  KT  values  of  g.  ,  3/card 

iiii.  KT  values  of  ,  3/card 

These  numbers  are  called  in  the  program  G(j),  T(j),  SN(3,J), 
and  SN(4,j),  respectively. 

Mode  No.  4 

The  program  used  in  thiB  mode  operates  identically  with  the 
operation  described  unde^  Mode  No.  3  except  that  more  than  one  design 
i6  executed.  This  is  again  signalled  by  setting  B(39)  >  0  in  each  set 
of  B(I)'b  read  In  except  the  last. 
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k 


(5)  ^ 


MAX  F(l.2)(l  +  6c)^Ct 


-  R_ 

s  \2„  S 


MIN  • 


(5')  PTB 


B(29)(l.2)(l  +  B(23)r*CTM 


-  B(20) 


Check  that 

(6)  R-  <  K, 

MAX  MIN 

(6r )  RTB  <  RTS 

and  print  out  whether  or  not  (6)  is  satisfied. 
Mode  No.  2 


The  input  data  is  the  same  as  in  Mode  No.  1,  except 

1.  B(39)  is  made  positive. 

2.  Added  to  the  input  data  described  under  Mode  No.  1 
are  additional  sets  of  values  for  B(l)  -  B(4o),  in 
the  same  format  as  in  Mode  No.  1,  for  each  additional 
design  that  is  to  be  executed  with  the  preferred  con¬ 
ductances  that  have  been  computed  the  first  time 
through  the  program.  Each  B(39)  is  mode  positive  ex¬ 
cept  the  one  in  the  set  for  the  last  design. 

Mode  No.  3 


The  program  used  in  this  mode  does  not  compute  a  set  of  prefer 
red  conductances,  but  rather  takes  as  part  of  its  input  data  preferred 
conductances  that  have  already  been  computed.  In  this  mode  only  one  de 
sign  is  executed. 

✓ 


192 


Note  that  the  format  for  all  input  data  can  be  determined  from 
the  appropriate  format  statement  in  the  Fortran  listing. 


APPENDIX  B-3 
CIRCUIT  ANALYSIS 


A _.  Introduction 

A  computer  program  is  described  here  that  performs  the  statistical 
analysis  for  determining  the  probability  of  drift  failure  for  flip-flop  circuits. 
The  method  of  computation  is  the  model- sampling  or  "Monte  Carlo"  whereby  circuits, 
previously  designed  (see  Appendix  B-2),  are  tested  by  means  of  several  criteria  for 
satisfactory  performance.  The  ratio  of  failures  to  the  number  of  trials  is  used 
as  the  estimate  of  the  probability  of  drift  failure  for  the  circuits. 


Static  performance  of  the  circuits  is  judged  satisfactory  if  each  of 
the  following  six  inequalities  is  satisfied;  unsatisfactory  otherwise. 


e  +  rb~ 


*K 

E  -V. 


R 


2-  —  ICB01  +  XD  +  -  j— 2 


B 


*K 


"k 


E  -V,  V  -V 

-----  —  ICB01  +  I10FF  +  1  2 

R10 

V\  >  JC1  E  A 

P  +  RB 

E  -V,  V  +V 

— — ^  —  ICB02  +  ID  +  — — - 


E  -V  V  -V 

C— 1  —  ICB02  +  I20FF  1  2 


"ao 


(1) 

(2) 
(3) 

(>0 

(5) 

(6) 


The  first  three  inequalities  are  for  the  flip-flop  state,  transistor  T^  off  and 

transistor  Tg  on.  The  latter  three  inequalities  are  for  the  flip-flop  state 

transistor  T,  on  and  transistor  off. 

1  2 
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The  following  equations  are  used  to  determine  the  constants  I 
I ^  and  ICSqX  where  X  equals  1  for  computations  involving  inequalities  (l),  (2) 
and  (3)  and  X  equals  2  for  computations  involving  inequalities  (^),  (5)>  and  (6). 


ICX  "  IXON  '  R, 


E_-V  V  +V 

+  -4—^  -  4—^  .  ...  (X  »  .1  or  2) 


'20 


I cxyp  select  from  (lc,p  )  curve  of  Figure 


lC£0X 


^CX 


2  D 


;0 


^CB0,MAX)  TroomHTO  -Efj 
.  .  .  (X  =  1  or  2) 


-T 

r  ■*>  i- 


AMB,MAX  ROOM 


(T) 

(0) 


(9) 


The  program  treats  the  six  quantities 


E, 


E 

«K 


R 


10 


20 

in  the  above  equations  as  random  variables.  In  the  following  discussion  these 
random  variables  are  denoted  y  ,  i  =  1,2, 

i  X 

The  y  's  are  each  distributed  uniformly  and  symmetrically  about  nominal 
values  which  we  will  denote  by  x^,  i  =  1,2,..., 6.  These  nominal  values  plus  the 
widths  of  th.e  distributions,  which  we  will  denote  by  FC^,  a  fraction  (of  x^),  are 
part  of  the  input  data. 


The  program  provides  the  facility  for  skewing  each  of  the  above  dis¬ 
tributions  for  the  purpose  of  reducing  the  variance  of  the  sampled  estimate  of 
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The  values  of  A.  and  Ik  are  chosen  for  minimum  sampling  variance  as  later 
described. 


As  a  computational  convenience  in  the  program  the  above  distribution 
is  obtained  as  follows..  If  RN  (this  will  denote  a  random  number  selected  from 
a  flat  distribution  m  (0,1;)  is  less  than  (l  -  B., ),  another  RN  is  chosen  (call 
this  o_^).  Otherwise,  a  second  RN  is  chosen.  If  this  number  is  less  than 

(l  -  Ai),  o .  is  taken  as  the  minimum  of  three  additional  RN's,  otherwise  as  the 

.  *  .  o 

maximum  of  the  three  RN's.  (It  is  easy  to  check  that  (n  -  1)  X  is  the  p.d.f. 
of  the  maximum  of  n  independent  samples  of  a  random  variable  uniformly  distributed 
in  the  unit  Interval.) 

It  is  implicit  in  the  preceding  that  the  random  variable  y  ,  i=  1,2, 
...,6  are  inaependent,  and  this  assumption  is  made  throughout.  Thus  the  .joint 
distribution  of  the  y^'s,  say 

v(y±,y2y  ’,y$)  *  p(y) 


can  be  written 


p(y)  =  *  p, (y, ) 

l  A 

.  .  +v. 

where  p^y^  J  is  the  p.d.f.  of  the  i'  random  variable 


Now  if  these  distributions  were  not  disturbed  in  the  sampling  —  i.e., 
each  remaining  rectangular  —  then,  if  F  =0  were  to  denote  satisfaction  of  the 

J 

inequalities  (l)  -  (6)  for  the  j  circuit  randomlv  constructed,  and  F.  =  1 

J 

denoted  failure  of  at  least  one  inequality,  an  estimate  of  the  probability  of 
failure  of  the  circuit  would  be  provided  by 


N 


P( 


(12) 


>1 


*»  r\*-r 


where  3f  represents  the  number  of  trials  (circuits  tested). 

Since,  however,  the  distributions  have  been  altered  from  (y^)  to, 
say,  pj  (yi),  a  proper  estimate  of  p(f)  will  be  provided  by 

P<f>  ■  5  I 

J-l 

where  P'(?)  =»  «  p'  (y  ). 

1  1  1 

Furthermore,  the  inequalities  do  not  each  involve  all  six  random  vari¬ 
ables,  so  that  if  an  inequality  is  dissatisfied  p(y)and  p'  (y)in  (13)  are  taken 
to  be  the  Joint  p.d.f. 's  of  only  those  random  variables  in  the  inequalities  so 
far  tested.  This  technique  causes  the  sampling  variance  to  be  less,  clearly, 
than  if  all  random  variables  were  used. 

Note:  As  a  matter  of  terminology,  those  simulated  failures  which  occur 
as  a  consequence  of  sampling  from  the  skewed  distributions  will  be  referred  to  as 
pseudo-failures .  This  same  terminology  is  used  in  the  output  format  of  the 
program. 

B.  Skewing  of  Sampling  Distributions 

The  program  has  been  designed  so  that  appropriate  modifications  of  the 
sampling  distributions  can  be  made  between  runs.  Thus,  successively  smaller 
sampling  variances  are  encountered.  The  modifications  are  made  on  the  basic  of 
the  following  statistics  computed  in  each  run. 

a.  The  number  of  times  the  ith  inequality  is  tested  (this  will  be,  in 
general,  less  than  the  total  number  of  trials,  since  the  inequal¬ 
ities  are  tested  sequentially,  and  if  one  fails  those  that  follow 
are  not  tested). 


FjP(y) 

P'(^) 
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oi  times 


;•> 


inequality  fails  note  that  this 


t-.Vi 


■;  ar.oc-r  divided  by  the  nutter  of  times  the  i  *  inequality  is 

",  -  'ted  tv  not  <ii  estirt-  of  the  probability  of  the  pseudo - 

r'ai  iv.ee  of  the  i  ''ll  i  iccuality,  since  the  inequality  is 

tested  oo.ly  condition* i  on  those  already  tested  being  satisfied h 

■fhc  average  of  >\  given  that  tne  jt:l1  inequality  fails.. 

The  aver  age  amount  by  which  the  i  '  inequality  Is  dissatisfied; 

th 

th-v  •ive-.ivjge  eaiovis  by  waieh  the  i  inequality  is  satisfied, 

I-otal  number  of  p--';v\de.  I'aa lures,  and,  equivalently,  the  probabil¬ 
ity  of  b  pi-eudo  •fail-.u-e. 

'live  sample  variaar.u  and  standard  deviation  of  the  probability  of 


C. 


Toe  Sample  Probnbiltvy  of  failure 


It  should  be  noted  that  the  variance  computed  in  f,  and  appearing  in 
the  print- out,  h  the  estimated  variance  of  the  random  variable  corresponding  to 
a  single  sample.  Tne  mean  of  II  of  these  sampler:,  where  N  is  the  total  number  of 

trials.  Is  the  nurat-er  computed  in  ( g  ; ,  and  the  variance  of  this  is  >;  th  of  that 

.  „  / 
estimated  in  •. i 

'The  procedure  for  modifying  the  distributions  (y^)  on  the  basis  of 
the  above  computations  is  not  a  formal  one.  The  direction  of  required  changes 
of  each  A 'h.  is  usually  clearly  indicated. 

Briefly,  if  the  expected  value  of  a  function  which  takes  on  only  the 
values  zero  or  one  is  being  estimated,  the  (skewed)  sampling  distribution  should 
be  miuie  to  favor  tbs  one  values  of  the  function  as  much  as  possible  (and  at  the 
some  time  as  evenly  as  possible).  Thus,  the  and  3,  parameters  should  be  so 

Best  Ava/'febJe 
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✓ 

modified  as  to  skew  the  (y^ )  distributions  toward  the  failure  regions.  The 
program  outputs  are  designed  to  guide  the  changes  made  in  these  parameters. 

D.  The  Program  Computes  and  Stores  l600  Values  of  the  Following 


Fortran  Designation 
TRB1 
TRB2 
TRK1 
TRK2 
TRX 
TRXX 
TREC 
TREB 

.  KF1 

BF2 
DF3 
Ef4 
EF5 
df6 

Also  computes  the  following: 

/ 

Fortran  Designation 
CA 
P 

AA 

BB 


Description 
True  value  of  Rfi^ 

True  value  of  R^g 
True  value  of  R^ 

True  value  of  R^ 

True  value  of  R1Q 
True  value  of  Rg^ 

.  True  value  of  Ec 
True  value  of  Efi 
Difference  in  1st  inequality 
Difference  in  2nd  inequality 
Difference  in  3rd  inequality 
Difference  in  4th  inequality 
Difference  in  5th  inequality 
Difference  in  6th  inequality 

Description 
Random  number 

Probability  of  Failure  for  each 
random  value  at  a  given  inequality. 

l.-A  (see  input) 

l.-B 
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Description 
A  6  x  20  MATRIX 

Giving  averages  of  true  values  for 
resistors  and  voltages.  1-10  are 
averages  if  circuit  failed,  10-20 
are  averages  if  successful. 


PFF 

Pseudo  probability  of  failure 

TPF 

True  probability  of  failure 

VAR 

Variance 

STD 

Standard  deviation 

Fortran  Designation 
HH 


Input  Constants  are  Required  as  Follows: 


RN 

An  initializing  number  for  i  he 
random  no.  generator. 

N1 

The  number  of  trials  for  a  run  on 
each  flip-flop. 

AK 

A  constant  K  used  to  compute  ICB01 
and  ICB02. 

AI1N 

I10N 

AI2F0 

■^OFF 

AI2N 

I20N 

AI1F0 

J10FF 

DOM 

+  or  0  gives  P  dump,  -  skips  P  dump 

VI 

V2 

Voltage  level  .between  2  points  in 
the  flip-flop. 

V3  , 

V4 

AID 

AICB0 

ICB0  (MAX  at  T„) 
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Fortran  Designation  Description 


TA 

/ 

TA;  temperature,  ambient 

TR 

TR;  "  ,  room 

DG 

0(1--^  doubles  vben  function  temp, 
C-BU  ^ 

is  increased  by  D  ). 

N3 

A  number  from  1-5  indicating  1-5  < 
ferent  distributions  to  be  used. 

DRHL 

Lower  limit  of  the  R_  dist. 

EEBH 

Higher  " 

DRKL 

Lower  limit  of  the  Rj,  dist. 

ERKH 

Higher  " 

DRXL 

Lower  limit  of  the  dist. 

DRXH 

Higher  " 

DRXXL 

Lower  limit  of  the  R2Q  dist. 

ERXXH 

Higher  ” 

TYPrrr 

XSXJKsJ. * 

Lower  limit  of  the  E  dist. 

V 

DECH 

Higher  " 

DEBL 

Lower  limit  of  the  E_  " 

DEER 

Higher  . 

N2 

' 

No.  of  sets  of  nominal  values  for 
resistances  and  voltages. 

RB 

Nominal  resistance  of  R^  and 

RK 

- 

RX 

n  »»  t»  « 

R10 

/ 

M  ft  t»  n 

R20 

EC 

"  Voltage  Ec 

EB 

H  Up 
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Fortran  Designation 


Description 


A  Value  of  A  to  skew  distribution  of 

Rand  Nos. 

3  ■  Value  of  B  to  " 

y  Rand  Nos . 

AIS2  Values  of  I ^  from  -  BETA  curve 

31  Values  of  Beta  from  I  -BETA  curve 

Note:  A152  Values  must  be  read  in  with  smallest 
value  first  and  progressively  larger 
values  following. 

The  program  generates  a  series  of  random  numbers  which  are  used  as  multipliers  to 
get  a  random  distribution  of  true  resistor  and  voltage  values  between  the  upper 
and  lower  limits  set  in  advance.  This  distribution  can  be  linear  or  can  be 
skewed  to  get  a  large  proportion  of  the  true  values  to  be  concentrated  at  either 
the  high  or  the  low  limit  or  both. 

A  set  of  values  for  6  resistors  and  2  voltages  are  picked  and  calcula¬ 
tions  are  made  to  see  if  the  flip-flop  will  work.  Six  different  inequalities 
must  be  satisfied  for  success.  A  violation  of  any  one  of  the  (6)  will  be  a 
failure.  When  a  failure  occurs,  the  random  number  and  constant  used  to  determine 
the  true  value  of  resistance  or  voltage  in  the  inequality  that  failed  are  put  in 
the  equation 

Pi  -  3  (Ai  x  Bi  x  (RN)2  +  (1  -  A±)  x  (1  -  RN)2)  +  (l  -  3^  (lU) 

using  the  values  we  find 

DUMA  -  lAPjKPg)  .  .(Pn) 

The  cumulative  6ura  of  DUMA  is  stored  and  is  called  SDUMA.  S DUMAS  -  (DUMA)  is 
also  accumulated.  After  all^ N1  sets  of  values  have  been  used  pseudo  probability 
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of  failure  (PEF)  is  found  "by  dividing  the  number  of  times  failure  occurred 
(L  -  LC)  by  number  of  trials  (L)  (L  actually  ■  N1  and  is  MAX  of  1600) 

PFF  =  (L  -  LC/L 

True  probability  of  failure  (TFF)  is  found  =  SDCMA  *  N1 

* 

Variance  (VAR)  is  found  =  SDUMAS  -  N1  -  (TPS’)2 

Sigma  (STD)  is  found  =  (VAR)1/2 

X 

This  is  repeated  for  N2  flip-flops  (N2  <  10). 

Then  the  resistor  and  voltage  tolerances  are  changed  and  (N2)  flip-flops  evaluated 


again. 

There 

can  be 

N3 

sets  of  tolerances 

(N3<_5) 

NOTE 

A(l) 

& 

B(l) 

are 

skewing  constants 

for.  RBI 

A(2) 

& 

B(2) 

II 

II  It 

"  RB2 

A(3) 

& 

B(3) 

II 

li  II 

"  RK1 

A(M 

& 

B(4) 

1! 

li  11 

”  RK2 

A(5) 

& 

3(5) 

II 

11  II 

”  Rio 

A(6) 

& 

B  (6) 

II 

II  tl 

”  *20 

A(7) 

& 

B(7) 

II 

11  11 

"  Ec 

A(8) 

& 

B(8) 

II 

M  11 

"  eb 

E. 

Input 

Data 

The  first  series  of  data  cards  are  to  be  read  by  a  subroutine  called 

REACH  (read  header).  The  constants  RN,  HI,  AK,  AI1K,  AI2F0,  AI2N,  AI1F0,  DOM, 

•»  ' 

VI,  V2,  V3,  VU,  AID,  AICBO,  TA,  TR  &  DG  are  read  by  READH.  All  constant*  except 
HI  are  floating  point.  Data  to  be  read  by  READH  start  in  column  T  on  an  IBM 
card  and  must  not  go  beyond  column  72.  A  blank  must  be  left  between  the  end  of 
one  constant  and  the  start  of  the  next.  Floating  point  numbers  must  have  a 
decimal  point  and  fixed  point  numbers  must  be’  preceded  by  a  comma  and  have  no 

y  -2ok 


decimal  point.  After  the  last  constant  an  asterisk  must  be  punched  to  indicate  the 
end  of  the  data  for  this  routine. 

The  next  data  cards  will  contain  data  for  values  of  N3,  DRBL,  DRBH,  DRKL. 

DRKH,  m XL,  DTOni,  DRXXjL,  LRJGTri,  DECL,  DECK,  EEBL,  &  DESK.  1 _ R3  5  and  its 

value  is  the  number  of  sets  of  limits  that  are  to  follow  for  B,  X.  X,  XX,  EC,  EB. 
DRHL  Pc  DRBH  are  the  low  h  high  limits  of  deviation  from  nominal  for  resistors  B1 
&  B2.  If  the  limits  were  .95  to  1.10ft  of  nominal,  DRBL  would  =  -.05  &  DRBH  would  = 
+.10.  Under  unusual  temperatiire  conditions  both  limits  might  have  the  same  sign 
and  may  be  so  entered.  This  data  is  read  m  by  a  read  Input,  tope  command  with  an 
(l6/(12E6.4 ; }  format.  The  data  should  be  placed  on  the  card  in  6  column  spaces: 

N3  is  a  fixed  point  number  and  its  value  will  be  put  on  1st  card  in  column  6 
with  no  decimal  point,  jn  the  next  card  will  be  the  value  of  DRHL  (l)  wnich  must 
be  in  the  field  of  column  1  to  6,  must  have  a  decimal  point  and  if  negative  must 
have  a.  sign;  following  this  in  columns  7  to  12  will  be  value  of  DRBH  (L)  etc., 
until  value  of  HL'BH  (l)  has  been  read  in.  This  value  will  go  in  Col’s  6o-72  of 
second  card.  If  N3  was  more  than  1,  a  set  of  values  will  follow  starting  with 
DRBL(2;  etc.  No  asterisk  follows  the  last  bit  of  date.. 

The  next,  block  of  data  starts  on  a  new  cord  and  gives  values  of  N2,  RB, 
RK,  RX,  RJCX,  EC  &  EB.  It  is  read  by  a  read  input  tape  command  with  an  (I12/6E12.4) 
format.  The  value  of  N2  must  have  its  last  digit  on  list  card  in  column  12  end 
have  no  decimal  point:  RBi'  1 )  on  2nd  card  must  be  in  columns  1-12,  RK(l)  in  col's 
13-24,  etc.  Similar  to  preceding  data  (l<  N2  ^  10). 


The  next  block  is  the  A  &  B  data.  This  has  a  12  column  format.  The 
value  of  A(l)  in  col’s  1-12,  B(l)  in  col’s  13-24,  A(2»  in  col's  1-12  of  second 
card,  etc.  All  values  are  floating  point. 
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Similarly,  the  next  block  is  the  AIS2  &  BI  values  which  are  in  a  12 
column  format.  Starting  a  new  card,  AIS2  (l)  must  be  in  col  1  to  12,  Bl(l) 
in  columns  13  to  2k,  AISA(2)  in  col  1  to  12  of  2nd  card,  etc.  All  values  are 
floating  point  and  the  set  must  total  15  cards. 
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PARAMETER  COIJFIDKJGS  9SS1GH  MET! ICO 

1.  Introduction 

This  section  will  describe  a  proposed  novel  design  procedure 
intended  to  yield  the  most  reliable  circuit  design  for  any  arbitrary 
system  application.  The  procedure  is  characterized  by  a  unified  approach 
Inter- relating  the  design  of  realizable  circuits;  the  relevant  system 
considerations;  and  the  explicit  effect  of  system  characteristics  on  the 
choice  of  the  optimum  realizable  circuit  design  for  the  given  system. 

This  design  procedure  presumes  the  following:  a  digital  cir¬ 
cuit  application  which  involves  a  fixed  number  of  building  blocks  of  a 
fixed  topology  with  a  maximum  required  frequency  of  operation  and  a  specified 
fan- in -fan- out  requirement;  a  fixed  mechanical  packaging  scheme  which  is 
to  contain  the  fixed  number  of  building  blocks;  and  specific  component 
types  to  be  used  in  the  circuits  (e.g.  a  particular  type  of  ‘3$  resistors, 
2N91-1  transistors,  etc.).  The  result  of  the  design  is  the  selection  of 
the  nominal  values  of  ^he  designable  parameters  and/or  to  maximize  the 
component  yield. 

a.  The  Parameter  Confidence  Limits  and  Interval 

At  the  top  of  Figure  1  ,  there  is  shown  a  probability  density 
function  for  a  hypothetical  resistor  type.  The  bottom  of  the  figure  shows 
the  probability  distribution  for  the  same  resistor  type.  The  distribution 
curve  is,  of  course,  the  integral  from  left  to  right  of  the  density 
function.  For  this  particular  distribution,  one  would  expect  10$  of  the 
parameter  values  to  be  less  than  O.83  R  and  90$  to  be  less  than  l.iy  R. 

This  is  equivalent  to  saying  that  80$  of  the  values  would  be  expected  to 
be  greater  than  O.83  R  but  less  than  1.17  R. 

In  the  terminology  of  statistics,  the  limits  which  contain 
a  parameter  with  a  probability  of  80$  (or  some  othe1"  parti eninr  percentage) 
are  called  the  80$  (or  other)  "confidence  limits"  for  the  parameter.  The 
interval  of  parameter  values  between  the  confidence  limits  is  called  the 
"confidence  interval".  In  this  report,  ve  will  also  speak  of  "degree  of 
confidence"  represented  by  A-  Thus  in  Figure  1/  the  parameter  values 
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between  0.83  R  and  1.17  R  are  called  the  80$  Confidence  Interval  Values. 

The  degree  of  confidence,  a,  for  the  interval  O.83  R  to  1.17  R  is  80$. 

In  many  physical  components,  the  parameter  values  are  appreci¬ 
ably  affected  by  temperature.  Therefore,  a  multiplicity  of  probability 
distribution  functions  must  be  considered  if  more  them  a  single  temperature 
is  involved.  In  Figure  1  the  distribution  function  applies  for  the  com¬ 
ponents  at  20°  C.  In  Figure  2  the  distribution  function  of  Figure 
is  repeated  along  with  distribution  functions  of  the  same  parameter  for 
several  other  discrete  temperatures  of  the  components. 

Consider  a  particular  example  for  the  purpose  of  illustration. 

The  probability  distribution  of  Figure  1  might  correspond  to  a  particular 
brand  of  "1000  ohm"  resistors  having  a  median  value  of  1000  ohms  at  20°  C. 
Figure  13  shows  that  the  median  value  of  the  same  "1000  ohms"  resistors 
is  about  900  ohms  at  0°  C  and  1500  ohms  at  80°  C.  Also,  the  80^»  con¬ 
fidence  limits  are  83O  and  1170  ohms  at  20°  C  but  1220  and  1580  ohms  at 
80°  C. 

b.  The  Degree  of  Parameter  Confidence  and  its  Effect  on  Reliability 

The  degree  of  parameter  confidence,  A,  has  been  defined  in  the 
previous  section.  The  greater  the  magnitude  of  A,  the  greater  is  the 
probability  that  the  parameter  values  will  be  within  the  related  confidence 
limits . 

There  are  circuit  design  techniques  which  yield  circuits  which 
will  always  work  provided  that  each  parameter  is  greater  than  some  minimum 
design  value  but  less  than  some  maximum  design  value.  Let  us  consider 
the  hypothetical  application  of  one  of  these  design  techniques  to  a  cir¬ 
cuit  which  is  to  operate  at  a  particular  temperature.  Let  us  consider 
that  for  the  minimum  and  maximum  values  of  each  parameter  to  be  used  in  the 
design  technique,  we  select  the  85^  confidence  limits  (associated  with 
the  minimum  length  confidence  interval) .  The  resultant  design  will  have 
a  particular  probability  of  successful  operation. 
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If  we  were  next  to  redesign  using  95$  confidence  limits,  the 
resultant  circuit  would  have  a  higher  probability  of  successful  operation 

than  the  85$  design.  A  system  composed  of  the  95$  confidence  limit  cir¬ 
cuits  would  be  expected  to  have  a  higher  probability  of  successful  operation 
than  a  system  using  the  85$  confidence  designs. 

Figure  3  illustrates  this  idea  that  the  probability  of  success¬ 
ful  system  operation  is  an  ever  increasing  function  of  the  degree  of 
confidence  that  the  individual  component  parameters  are  within  their  de¬ 
sign  limits.  This  is  an  extremely  powerful  statement.  It  forms  the  basis 
for  the  Parameter  Confidence  Design  Method  outlined  in  the  next  section. 

2.  Design  Procedure 

The  design  procedure  consists  of  three  relatively  independent 
steps:  mapping  the  circuit  realizability  plane;  establishing  the  thermal 
characteristic  of  the  mechanical  packaging  system;  and  combining  the  results 
of  the  first  two  steps  such  as  to  find  the  optimum  current  design  for  the 
given  system. 

a.  Mapping  the  Realizability  Plane 

Each  realizable  plane  applies  to  specific  fan-in-fan-out  and 
maximum  frequency  of  operation  requirements.  Although  the  realizability 
plane  may  represent  an  infinite  number  of  possible  circuit  designs,  it 
is  mapped  by  using  a  relatively  small  arbitrary  number  of  designs.  The 
realizability  plane  is  generated  as  a  result  of  answering  the  questions: 
for  an  arbitrary  temperature  range  of  operation,  is  it  possible  to  design 
a  circuit  with  an  arbitrary  parameter  confidence  level?  If  the  design 
is  possible,  what  is  the  minimum  average  power  dissipated  by  such  a  circuit? 

If  these  questions  are  answered  for  an  arbitrary  number  of  in¬ 
cremental  values  of  confidence  level  bet.vo^e  0$  orjci  100$  and  for  an  arbitrary 
number  of  temperature  ranges  between  the  minimum  expected  ambient  tem¬ 
perature  of  the  system  and  the  "melting  point"  of  the  components,  then 
all  of  the  realizability  plane  would  be  mapped. 


!>**  *1 
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PARAMETER  CONFIDENCE  LEVEL 


Figure  3,  Probability  of  Success  Increases 
^with  Parameter  Confidence  Level 


Figure  show's  the  result  of  a  hypothetical  mapping.  For  the 
present  discussion,  the  dashed  lines  labeled  A,B,C,  and  D  along  with  the 
points  labeled  a.b.c,  and  d  should  be  ignored.  The  points  on  the  curves 
marked  with  an  X  indicate  the  answers  to  the  questions:  For  the  given 
temperature  range  of  operation  and  the  given  degree  of  confidence  what  is 
the  minimum  average  power? 

Let  us  consider  in  more  detail  how  one  of  the  X  designs  of 
Figure  4  was  carried  out.  As  a  typical  example,  consider  the  design 
for  a  maximum  temperature  of  100°C  ,  a  system  ambient  temperature  of  2Q°C 
and  A  =  80*.  The  design  method  requires  families  of  probability  distribu¬ 
tions,  of  type  shown  in  Figure  2,  for  each  of  the  relevant  design  para¬ 
meters.  The  parameter  design  values  are  determined  using  the  respective 
families  of  probability  distributions.  The  upper  design  parameter  value 
is  selected  to  be  the  upper  SO*  confidence  limit  on  the  100°C  distribution. 
The  lower  design  parameter  value  is  selected  to  be  the  lower  80*  confidence 
limit  on  the  20°C  distribution.  These  choices  are  made  because  the 
resultant  design  may  be  expected  to  operate  correctly  anywhere  between 

20°C  and  80°C .  A  minimum  power  circuit  design  is  carried  out  using 

o 

the  above  upper  and  lower  values  for  each  design  parameter.  Such  a  cir¬ 
cuit  design  will  dissipate  a  distribution  of  possible  power  magnitudes. 

The  average  power  dissipated  by  the  particular  circuit  design  was  recorded 
in  Figure  4  at  the  100 °C  maximum  temperature. 

Other  designs  were  carried  out  in  a  similar  manner  for  other 
maximum  temperatures  of  20°C,  4o°C,  60°C,  80°C  and  120°C  while  maintaining 
the  same  system  ambient  temperature  of  20°C  and  confidence  level  of  80*. 

The  average  power  was  recorded  at  each  of  these  maximum  temperatures .  Thus 
the  curve  labeled  A  =  80 *  was  determined. 

The  procedure  was  then  repeated  for  the  different  values  of 

0*,  98*,  99-9*,  99-95*  ±t«i,99-99p  for  a. 

The  result  of  the  whole  procedure  constituted  the  mapping  of 
a  realizability  plane.  This  realizability  plane  applies  to  a  fixed  fan-in- 
fan-out  and  maximum  frequency  of  operation  of  a  particular  circuit  topology 
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It  should  be  emphasized  that  there  is  a  continuum  of  possible 
designs  represented  by  the  plane.  Each  circuit  design  represents  the 
minimum  power  design  vithin  the  constraints  of  temperature  range  and 
parameter  confidence  level . 

b.  Thermal  Characteristics  of  Packaging  System 

A  digital  machine  is  composed  of  a  large  number  of  circuit 
building  blocks  imbedded  in  some  mechanical  packaging  system.  An  essential 
function  of  the  packaging  system,  especially  in  microelectronics,  is  the 
removal  of  the  heat  generated  by  the  individual  circuits. 

For  any  particular  type  of  packaging  system,  the  maximum  tempera 
ture  within  the  system  increases  as  the  power  being  dissipated  by  each 
circuit  increases.  A  graphical  presentation  of  the  variation  of  the  max¬ 
imum  temperature  within  the  system  with  per  circuit  power  dissipation  shall 

,r  II 

be  referred  to  as  the  system  thermal  characteristic  .  It  is  important  to 
note  that  the  system  thermal  characteristic  can  be  generated  simply  on  the 
basis  of  a  distributed  heat  source  thermal  problem.  It  is  only  a  function 
of  heat  conductivities,  system  geometry,  number  of  distributed  heat  sources 
and  the  perfectness  of  the  heat  sink. 

Assuming  a  perfect  heat  sink,  the  maximum  temperature  within 
a  system  will  generally  increase  linearly  with  per  circuit  power  dis¬ 
sipation.  A  non-perfect  heat  sink  will  in  general  cause  the  maximum 
system  temperature  to  increase  in  some  exponential-type  fashion  with  in¬ 
creasing  circuLt  dissipation. 

In  either  case,  the  system  thermal  characteristic  can  be 
directly  applied  in  order  to  find  the  optimum  design  as  shall  be  de¬ 
scribed  in  the  next  section. 
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Combining  System  Thermal  Characteristic  with  a 
Realizability  Flame. 

In  Figure  h,  the  dashed  lines  are  the  thermal  characteristics 
of  four  different  mechanical  systems,  labelled  A,  B,  C,  and  D,  all  in  the 
same  external  ambient  temperature  (namely  20°  C) .  The  systems  shown  are 
all  linear,  i.e.  the  maximum  system  temperature  varies  linearly  with  per 
circuit  power  dissipation.  However,  non-linear  system  thermal  charac¬ 
teristics  would  be  used  similarly.  System  A  represents  a  very  effective 
thermal  packaging  system  wherein  appreciable  change  in  per  circuit  dissi¬ 
pation  causes  relatively  small  changes  in  the  maximum  temperature  in  the 
system.  System  B  is  not  quite  as  effective  as  system  A,  and  system  C  is 
not  as  good  as  system  B.  System  D  is  the  most  inferior  of  the  four  in  that 
there  is  appreciable  temperature  rise  for  the  same  changes  in  circuit  dis¬ 
sipation. 

The  intersection  between  the  system  thermal  characteristic 
and  the  realizability  plane  represents  the  circuits  which  have  been  specif¬ 
ically  designed  for  the  temperature  range  of  the  given  system.  Any  circuit 
designs  that  are  chosen  that  do  not  lie  on  the  intersection  can  not  be 
better  and  in  general  will  be  extremely  lees  optimum. 

Figure  5  shows  the  value  of  the  degree  of  parameter  con¬ 
fidence,  a,  as  a  function  of  maximum  temperature  for  each  of  the  four  sys¬ 
tems.  These  curves  were  directly  derived  from  the  intersections  of  Figure  1+. 

Based  on  the  ideas  illustrated  in  Figure  3  we  would  select, 
for  each  system,  the  design  for  which  the  degree  of  parameter  confidence 
is  highest.  The  maximum  A  designs  are  indicated  by  points  a,  b,  c,  and  d 
in  Figure  U. 

It  should  be  noted  that  there  is  a  tremendous  difference 
between  knowing  something  to  99$  to  99-9$  confidence  when  one  is  considering 
large  numbers  of  simultaneous  occurrences.  Figure  6  illustrates  the  effect 
of  large  numbers. 
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CONFIDENCE  INTERVAL 


I'tf;ure  Design  Confidence  Interval  vs.  Temperature 

For  Given  Systems 
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3.  Soar--  Conclusions  and  Observations 


This  parameter  confidence  design  method  is  new  and  as  yet  un¬ 
proved.  It  seems  to  be  very  powerful  in  the  sense  that  the  graphical 
approach  allows  one  to  work  with  extremely  skewed  and  elongated  parameter 
distributions  as  simply  as  one  does  with  truncated  or  rectangular  distribu¬ 
tions.  Also,  the  graphical  solution  seems  to  allow  much  visualization 
as  to  the  effect  of  perturbations  in  parameters  and  thermal  systems. 

A  very  striking  possibility  indicated  by  this  method  is  that 
there  exists  a  distinct  optimum  design  for  a  particular  system  which  is 
independent  and  exclusive  of  catastrophic  failure f 

This  method  allows  catastrophic  failures  to  be  handled  as  "bumps" 
on  the  t.ails  of  the  parameter  probability  density  functions,  thus  eliminating 
the  necessity  of  attempting  to  differentiate  between  extreme  "drift"  failures 
and  catastrophic  failures. 

If  components  are  to  be  selected  such  as  to  cause  the  proba¬ 
bility  of  drift  failure*  to  approach  zero,  the  parameter  Confidence  Method 
indicates  the  design  which  will  give  maximum  component  yield. 

In  situations  where  components  cannot  be  selected  out  (e.g., 
unified  thin  film  subsystems;  multi-element  functional  blocks;  etc.)  para¬ 
meters  will  in  general  be  distributed  in  some  non-truncated  distribution 
(e.g  Gaussian).  This  method  can  be  applied  to  truncated  or  non-truncated 
distributions  with  equal  simplicity.  In  this  case,  the  circuit  design  with 
the  least  probability  of  failure  can  be  determined. 

The  Parameter  Confidence  Design  Method  explicitly  emphasizes  the 
effect  of  system  thermal  characteristics  on  the  realizability  and  design  of 
the  maximum  reliability  circuit  for  any  arbitrary  system.  In  cases  where 
it  is  impractical  to  select  components,  it  can  be  ascertained  as  to  what 
degree  the  system  thermal  characteristics  must  be  changed  to  sufficiently 
decrease  the  probability  of  failure. 
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Needless  to  say,  much  elaborate  parameter  distribution  data  is 
necessary  before  this  method  can  be  effectively  implemented.  Unfortunately, 
this  is  not  available  at  this  time.  Since  many  of  the  conclusions  are  a 
direct  result  of  the  actual  numbers  involved,  hypothetical  or  assumed  data 
does  not  particularly  prove  anything. 
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APPENDIX  C-l 


Terminal  Parameter  Measurements  ' 

The  method  of  Terminal  Parameter  Measurements  has  been  adopted  to 
determine  circuit  parameter  values  and  to  analyze  the  performance  of  a 
microelectronics  fabricated  circuit.  By  means  of  the  measurement  re¬ 
sults  the  circuit  design  equations,  and  the  design  specifications,  the 
performance  of  the  circuit  can  be  predicted.  This  is  also  a  method  of 
checking  the  fabrication  techniques. 

Two  general  circuit  blocks,  a  general  transistor  amplifier,  and  a 
general  transistor  flip-flop  arc  the  cases  in  point.  For  the  passive 
components,  accuracy  is  limited  only  by  instrument  accuracy.  For  the 
active  devices,  only  ball  park  figures  are  meaningful,  and  measurements 
showed  that  device  parameters  are  measureable  to  ball  park  accuracy. 


Figure  1  .  Amplifier  with  Four  Available  Terminals; 
Component  values  as  Indicated. 
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For  the  experimental  mtasutvmcnts  a  circuit  with  the  compo¬ 
nent  values  indicated  In  Figure  l'was  used.  A  convenient  approach  to 
the  amplifier  is  to  consider  the  transistor  as  two  back-to-back  diodes. 
There  will  then  be  three  separate  sets  of  measurements  in  the  analysis. 
First,  consider  those  components  associated  with  the  collector-bas° 
diode.  In  this  case  utilize  terminals  (l),  (2),  (4)  in  Figure  2  and 
leave  terminal  (3)  open.  Second,  consider  those  components  connected 
to  the  emitter- base  diode  utilizing  terminals  (l),  (3)  and  leaving 
terminals  (2),  (4)  open.  Finally,  consider  the  transistor  as  a  single 
device  and  evaluate  some  of  its  important  parameters. 

a.  Collector  -  Base  Diode  Network 


Figure  2.  Equivalent  Circuit  with  Terminal  Left  Open. 
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(l)  Determination  of  R 


The  approach  is  dc-p  ndent  upon  whether  the  transistor 
is  germanium  or  silicon.  The  procedure  Is  based  on  biasing  the  diode 
in  its  non-conducting  region.  For  a  silicon  transistor  (e.g.,  2N706) 
this  is  accomplished  by  a  DC  measurement  of  the  voltage  between 
terminals  (l)  -  (4)  and  the  current  into  one  of  the  terminals.  This 
measurement  yields  R^  =  98  K. 

If  the  transistor  is  germanium  (e.g.  2N396),  there 
is  an  additional  problem  due  to  leakage  current  of  approximately  10pa 
in  its  back-biased  state.  This  current  is  approximately  constant  with 
voltage . 

Since  is  quite  large,  this  leakage  introduces 
error  into  the  measurement.  The  measurement,  however,  is  achieved  by 
an  AC  voltage- current  measurement  with  the  diode  back-biased,  since 
the  current  through  the  diode  is  constant.  This  measurement  yields 


R^  =  100  K. 


(2)  Determination  of  R, 


Both  germanium  and  silicon  diodes  are  low  resistance 
devices  when  they  are  forward  biased.  However,  their  DC  resistance 
ts  not  so  small  a3  to  be  negligible,  especially  in  silicon,  which 
has  a  conduction  threshold  of  approximately  0.7  volt.  The  incremental 
resistance  is  sufficiently  low,  however,  to  be  neglected  for  an  AC 
measurement.  An  AC  measurement  with  the  diode  of  Figure  forward 
biased  then  yields  the  parallel  resistance  of  R^  and  R^.  Solving 
the  resulting  expression  for  R^.  the  result  is  R^  =  5 -OK. 

(3)  Determination  of  C^ 

This  measurement  can  be  accomplished  using  an 
admittance  bridge  across  terminals  (2)  -  (4).  Also  bias  between 
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terminals  (l)  - 
The  admittance 

y  .  g 


(4)  in  ordi  r  to  buck  bias 
bet vi  cn  ^rrtninalu  (;.J)  -  (4) 

2 

/i\  f  W 

f  =  r 

R4 


2  _  2 
<o  C? 


R, 


2  2 

1  +  to  fL  R 

C 


thi'  collector- base  junction, 
is  given  by 


2 

4 


+  JcoC., 


_ 1 _ 

2  2  2 

1  +  0)  R^ 

(1) 


Equating  the  real  parts  in  order  to  solve  for  C?>  results  in 


U  -  R,,  o) 


is  known  and  G  is  the  real  component  of  the  measured  admittance. 

Since  is  a  large  capacitor,  the  measurement  is  made  at  low  frequency. 
At  20  cps  the  balanced  bridge  reads 


Y  =  120  p  mho  +  J  450  p  mho 

Using  the  value  G  =  120  p  mho  in  Equation  (2) 

c2  =  1.94  pf 

b.  Emitter  -  Base  Diode  Network 


/ 

Figure  3.  Equivalent  Amplifier  Circuit  with 
Terminals  (2),  (4)  Open. 
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(1)  Determination  of  Jv> 

The  procedure  is  identical  to  the  determination  of 
in  the  collectox*-base  diode  circuit,  This  measurement  gives 
R?  =  10  K.  X 

(2)  Determination  of 

The  presence -of  the  bypass  capacitor  prevents  a 
simple  AC  measurement  of  the  type  employed  in  the  evaluation  of  R^  in 
the  collector- base  diode  circuit.  However,  the  difference  between 
two  DC  measurements  will  serve  the  purpose  of  an  incremental  measure¬ 
ment.  Two  separate  measurements  then  will  lead  to 

R,  R_, 

12  Av 


This  results  in  &  value  of  R^  =  1  K. 

(3)  Determination  of 

'  The  value  of  can  be  obtained  by  means  of  an 

impedance  measurement  between  terminals  (l)  -  (3) ,  Forward  bias  the 
diode  by  a  voltage  source  in  series  with  a  large  resistance.  The 
large  resistance  is  used  so  as  not  to  affect  the  measurement.  The 
parallel  impedance  of  the  bypass  capacitor  and  emitter  resistor  is 
quite  low,  as  is  the  incremental  diode  impedance.  Thus,  neglect  the 
Impedance  of  in  parallel  with  them.  The  impedance  between  terminals 
(1)  -  (3)  will  then  be 


Z  =  R  +  JX 


where  rDE  is  the  incremental  diode  impedance.  Even  ui  1 frequencies 

U  2  2? 

C  is  of  such  great  magnitude  that  oj  R  C  >  >  1. 

✓ 


225 


This  approximation  simplifies  the  impedance  expression  so  that  Equation  (4) 
becomes 


*1 


^  ~  rDE  *  2  2.2 

“  R1  °1 

The  bridge  balances  for 

Z  =  60fi  +  ^  50« 

/ 

This  leads  to  the  value  of  =  55  M-f* * 


(5) 


c .  Important  Transistor  Parameters 

The  following  data  are  for  the  2N188A  audio  frequency  tran¬ 
sistor.  Because  of  transistor  variations  it  is  only  possible  to  obtain 
ball  park  results  for  the  following  parameters. 

(l)  Determination  of  0  and  the  Common  Emitter  Cutoff  Frequency 

0q  is  the  common  emitter  short  circuit  current  gain. 

Apply  the  design  voltage  between  terminals  (3)  -  (4)  in  order  to  achieve 
normal  circuit  operation.  Tie  together  (2)  -  (3)  through  a  100 fl  resistor 
to  approximate  an  AC  short  circuit  at  the  output.  Drive  the  circuit 
between  terminals  (l)  -  (3)  with  an  AC  generator  in  series  with  a  100  K 
resistor  to  approximate  a  small  signal  current  source.  0q  is  then  given 

by  < 


P, 


v2/ioon 

v  / 100  K 


(6) 


At  100  cps  and  a  one- volt  input  the  measurement  yields  0  =45.  This 

o 

is  the  low  frequency  gain  or  0q.  Increase  the  frequency  to  find  the 

common  emitter  cutoff  frequency  aju,  which  is  that  frequency  for  which 

Pn  P 

P  -  (7) 

V2 

The  cutoff  frequency  is  found  to  be 


=  314  KC. 
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The  common  base  cutoff  frequency  is  related  to  the  common  emitter  cutoff 
frequency  by  Equation  (8) . 


1  -  a 


(1  +  3) 


This  gives  for  the  common  base  cutoff  frequency 
cd  s  l4.4  me 


(2)  Determination  of  Collector  Admittance 
/ 

Measure  directly  between  terminals  (l)  -  (2)  leaving 
the  others  open.  This  admittance  will  include  both  leakage  and  diffusion 
parameters.  Measurement  on  the  bridge  gives 


Y  = 


+  ju>  162  pf 


(3)  Emitter  Diffusion  Resistance 

At  low  frequencies  iB  approximately  the  common 
base  input  impedance  with  the  output  short  circuited.  Short  terminals 
(l)  -  (2)  and  measure  the  impedance  between  (l)  -  (3).  Make  a)  just 
large  enough  so  that  the  impedance  of  will  be  no  more  than  about 
100  0.  This  is  true  for  a  frequency  of  about  1  kc.  This  is  still 
sufficiently  low  that  the  emitter  diffusion  capacitance  will  have  no 
effect.  The  measurement  gives 

r  =  1.4  K 

€ 

The  capacitance  can  be  obtained  using  the  relation 


r  C  »  m 
€  e  a 


which  yields 


ce  50  pf 
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(4)  Base  Spreading  Resistance 

At  high  frequencies,  the  input  impedance  between 
terminals  (l)  -  (3)  with  (2)  -  (3)  shorted  is  approximately  r^  . 

At  a  frequency  of  15  me,  the  bridge  measures 

*  -  -4  ♦ 

The  base  spreading  resistance  is  then 


THE  TRANSISTORS  ARE  2N706 
THE  TRIGGER  OIOOES  ARE  H02569 


Figure  4,  Flip-flop  with  Nine  Available  Terminals; 
Component  Values  as  Indicated. 
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a.  Passive  Circuit  Components 

(1)  Determination  of 

Ground  terminal  (6)  and  connect  terminal  (5)  to  a 
positive  voltage  source,  in  this  case  a  three-volt  source.  Measure 
the  current  into  terminal  (5)  and  compute  IT  from  Equation  (10) . 

2  V  -  V  -  V 

2  c  C 

\  -  - r — -  <10> 

0 

V  is  the  voltage  at  terminal  (l). 

C1 

V  is  the  voltage  at  terminal  (2) . 

C2 

V  i3  the  source  voltage, 
s 

I  in  the  source  current, 

s 

This  leads  to  the  value  R  =  1.9^  K. 

L 

/ 

(2)  Determination  of  R 

K 

Apply  a  DC  voltuge  between  terminals  (2)  -  (3)  with 
terminal  (<)  positive  to  prevent  the  transistors  from  conducting.  Measure 
the  current  into  terminal  (2)  to  obtain  R^  directly.  The  measured  value 
is  R^  =  3.2  k. 


(3)  Determination  of  R^, 

Make  on  AC  measurement  of  the  voltage  and  current 
between  terminals  (l)  -  (?)  with  the  trigger  diode  forward  biased. 
Leave  the  other  terminals  open.  This  yields  for  R^ 

^  *  ‘M  K 
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(5)  Determination  of  C,_  and  C„ 

- K 

Two  measurements  are  necessary  to  evaluate  due  to 

difficulty  in  isolating  it  from  transistor  emitter  capacitance.  The 

measurements  lead  also  to  the  evaluation  of  the  emitter-base  Junction 

capacity  C_,  of  the  transistor. 

•  •  fc» 
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,  To  find  C  tie  together  terminals  (3)  -  (*0  and 

i  £* 

measure  the  admittance  between  terminals  ($)  -  (6).  l.ct  the  other 
terrJ.nals  remain  open  and  use  no  DC  bias;  i.e.,  measure  the  emitter 
capacity  at  a  DC  operating  point  of  zero  voltage  and  aurrent.  The 
admittance  is  then  given  by 

Y  =  2  jeo  C_  '  (13) 

Lt 

The  bridge  balances  at 

Y  =  jo>  2h  pf 

This  means  that  at  zero  bias 


Cfi  =  12  Pf- 

Now  make  another  admittance  measurement,  this  time  be  tween  terminals 
(l)  -  (2).  Fix  the  other  terminals  as  follows: 


Short  together  (l)  -  (3) 

Short  together  (2)  -  {•':)  -  (5)  -  (9) 

Leave  open  (6)  -  (7)  -  (6) 

At  zero  bias  the  emitter-base  junction  will  not  conduct  so  the  diode 

model  is  essentially  Just  a  capacitor  of  value  C  . 

/  h 
The  equivalent  circuit  between  terminals  (l)  ~  (?) 

is  shown  in  Figure  5.  The  expression  for  the  admittance  Is  given 

by  Equution  (lit)  . 


y“r r  t  + 


■V 


P  p  5“ 
1  +  o>-  1^  CT 


dM 


0<a 


Ck  +  ?  CE  +  CT 


1  + 


0  0  2 

T 


of  C 
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Figure  5.  Equivalent  Admittance  for  Measurement  of  C^. 


Equate  the  imaginary  parts  of  Equation  (15)  and  solve  for  C^. 

(15) 

where  B  -  Im  JVJ . 


1 

2 


B_ 

S3 


1  c 
2  E 


-  C 


T 


o  p  o 
1  +  a>  Ct- 


The  frequency  of  measurement  is  500  He  and  the  bridge  balances  at 

Y  -  TXk  ♦  *“ 66  p1' 

Solving  Equation  (15)  with  B  =  co  86  pf  gives  =  25  pf • 

b .  Transistor  Parameters 

(l )  Determination  of  Collector  Capacity 

In  solving  for  the  emitter  capacity  va3  also 
computed.  Now  make  an  admittance  measurement  to  obtain  C  ,  the  collector 
capacity,  set  up  the  circuit  as  follows: 

Short  out  terminals  (l)  -  (2) 

Ground  terminals  (3)  -  (4) 

Supply  the  design  voltage  at  terminal  (5)  to  obtain 
normal  operation. 

Let  terminals  (6)  -  (7)  -  (8)  remain  open. 
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The  collector- base  junction  is  here  back  biased  at  2.15  volt  so  that 

the  diode  model  is  just  C  . 

c 

The  equivalent  circuit  iB  shown  in  Figure  6. 


Figure  6.  Equivalent  Circuit  for  Measurement  of  C^. 


An  admittance  measurement  between  terminals  (l)  -  (5)  will  then  give 
an  expression  for  C^.  The  admittance  between  (l)  -  (3)  is 


Y  =  2 


1 

1 


R 


k 


Equate  the  susceptive  components  mid  sc  .we  for  C 

C  --  — ~  -  C 

c  2  cu  k 

The  bridge  balances  ror 

1 


Y  - 


7  ton 


4 ...  /  r»1.  —  «  ,  1 

4)VJJ  \  I  pi  )  -  U  -f  J 


(16) 


(17) 


This  gives  for  C  at  2.15  v  bias  C  =  12  pf. 

c  c  r 

(2)  Gain- Bandwidth  Product  and  Minority  Carrier  Storage 
Factor 

For  this  measurement  set  up  the  flip-flop  for  normal 

operation: 

Ground  Terminal  (6) 

Apply  design  voltage  to  (5) 
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Tie  together  terminals  (3)  -  (7) 

Tie  together  terminals  (4)  -  (8) 

Connect  square  wive  trigger  between  terminal  (9)  and.  ground 
Leave  terminals  (l)  -  (2)  open 

This  permits  measurement  of  the  trigger  charge,  Q^,. 

It  consists  of  a  saturation  charge  0  ,  which  is  necessary  to  pull 

B 

the  conducting  transistor  out  of  saturation  and  a  regenerative  charge, 

Q^,  which  drives  it  from  the  edge  of  saturation  to  the  cutoff  condition, 
thus  switching  the  flip-flop  from  one  state  to  the  other.  Equations 
(18),  (19),  and  (20)  define  Q^,  and  Qg. 


where 


% 


A 


% 


K 


+  a  V  C 
c  c 

I  I 

c 

XB  "  0 


(18)* 

(19) 

(20) 


I  -  collector  current  at  edge  of  saturation 
ca 

Ic  =  collector  current  in  saturation  region 
Ijj  =  base  current  in  transistor 
ik  Vc  =  collector  voltage  swing. 

( 5 )  Determination  of  Voltages,  Currents  and  Beta  Gain 


The  collector  current  in  the  saturation  region  in 


V  -  V, 


CES 


9r, 

and  at  the  edge  of  saturation  is 


V  -  V„ 


ca 


*L 


(21) 


(22) 


where  in  the  latter  equation  is  equal  to  Vw. 


BE 


V.P.  Mathis,  J.J.  Suran,  "Comparative  Performance  of  Saturating  and 
Current  Clamped  Pulse  Circuits",  Internal  General  Electric  Company 
Report. 
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The  base  current  in  th^,  conducting  transistor  is 


«L  +RK 


(23) 


where  V  Is  the  voltage  at  the  base  terminal  of  the  conducting  tran¬ 
sistor. 


£  is  the  current  gain  which  can  be  computed  by  means 
of  the  circuit  of  Figure  7. 


/ 

Figure  7.  Circuit  for  Measuring  (3 
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Here  terminals  (7)  ~  (9)  ~  (9)  are  left  open.  Because  of  the  leakage 
of  collector  current  through  R^,  use  a  higher  supply  voltage  to 
maintain  the  collector  current  in  the  proper  range.  Compute  p  by 
the  following  equations  y 


P  = 


V  -  V 
vs  CE 


h  - 


V  -  vw 
o  BE 


Over  the  linear  region  of  the  transistor 

P  =  31* 


(ii)  Determination  of  Qc  and  Qq 

The  approach  is  to  determine  and  by  making  tvo 
measurements  and  solving  the  siinu!  taneous  equations 


S?  “  %  +  Kb  IB1  '•  P 


S  ♦  K„  W 


where  Lg  is  given  by  Equation  (23),  IQ  and  Ic  are  given  by  Equation  (21), 

p  is  previously  determined  and  I  is  yet  to  be  defined.  The  measure- 

2 

ments  are; 

(a)  Measure  the  minimum  trigger  charge  for  the 
normally  operating  flip-flop.  This  is 

QU,  -  C-  V  (29) 

‘11 
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where  V  In  the  minimum  square  wave  amplitude  to  trigger  the  flip- 
ri 

flop. 

(b)  Measure  Q,  with  the  flip-flop  in  a 


clamped  st^te  as  indicated  in  Figure  8. 

/ 


Figure  8.  Clamping  Diode  Connections. 


For  this  configuration  the  clumping  diode  partially 
pulls  the  conducting  transistor  out  of  saturation  with  the  base  current, 
I0  ,  defined  by 

s  -  W  • 


The  diode  current,  1^,  is  determined  by  measuring  itB  voltage  drop  in 
the  circuit  and  externally  determining  the  current  at  this  operating 
point. 


Now  solve  Equations  (27)  and  (28)  for  and  Kq. 
The  gain  bandwidth  product  is  obtained  through  Equation  (19) .  The 
results  of  the  measurements  are 

—  1*36  me 

0 .  C2'  ucc 

L> 

uip  =  4 . 6  me 


/ 
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(31) 


Firul  the  oomriou  bnno  cutofr  frequency,  by  Equation  (31). 

“a  ■  (^  +  l) 

This  yields 

cua  =  160  me. 

/ 


/ 
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Attn:  A.  H.  Young 

Commanding  Officer 

Diamond  Ordnance  Fuze  Laboratories 

Connecticut  Avenue  and  Van  Ness  Street,  N.  W. 

Washington  25,  D.  C. 

Attn:  T.  Liimatianen 

Chief  cf  Ordnance 
Washington  25,  D.  C. 

Attn:  ORDTX-AR 

Technical  Library 
OASD  (R  and  E) 

Rm.  3EiOo5,  The  Pentagon 
Washington  25.  D.  C. 

Chief  of  Research  and  Development 
CCS,  Department  of  the  Army 
Washington  25,  D.  C. 


Chief,  U.S.  Array  Security  Agency 
Arlington  Hall  Station 
Arlington  12,  Virginia 


2 


Deputy  President 

U.S.  Army  Security  Agency  Board 

Arlington  Hail  Station 

Arlington  12,  Virginia  1 

Motorola,  Inc . 

IU50  No.  Circero  Avenue 

Chicago  51,  Illinois  1 

Texas  Instruments,  Inc. 

Semiconductor-Comp  Division 
13500  No.  Central  Expressway 
Dallas,  Texas 

Attn:  Jack  Kilby  1 

Westinghouse  Electric  Corporation 
Air  Arm  Division 

Baltimore,  Maryland  1 

Commanding  Officer 

U.S.  Army  Electronics  Materiel  Agency 
Fort  Monmouth  Procurement  Office 
Fort  Monmouth,  New  Jersey 

Attn:  Contracting  Officer  1 

Motorola,  Inc . 

Semiconductor  Products  Division 
5005  E.  Me  Dowell  Road 

Phoenix  8,  Arizona  1 

Commanding  Officer 

U.S.  Naval  Air  Development  Center 

Johnsville,  Pennsylvania 

Attn:  EL- 56,  Howard  Martin  1 

Commander 

Aeronautical  Systems  Division 
Wright-Patterson  Air  Force  Base,  Ohio 

Attn :  ASRNEM  1 


Best  Available  Copy 


Commanding  Officer 

U.S.  Army  Electronics  Research  and  Development  Laboratory 
Fort.  Monmouth,  New  Jersey 

Attn:  Director  of  Reseach  1 

Attn:  Chief,  Technical  Documents  Center  1 

Attn:  Chief,  Technical  Information  Division  3 

Attn:  Chief,  Microwave  and  Quantum  Electronics  Br, 

Solid  State  and  Frequency  Control  Division  1 

Attn:  Reports  Distribution  Unit,  Solid  State  and 

Frequency  Control  Division  (Record  Copy)  1 

Attn:  Director,  Solid  State  and  Frequency  Control 

Division  1 

Attn:  J.  Hohmann,  Solid  State  and  Frequency  Control 

Division  37 


/ 


8es"Va feWe 


UNCLASSIFIED 


UNCLASSIFIED 


